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1. JNTRODUCTION:

The objective of this project is the acquisition of fundumental
knowledge concerning the behavior of atomic hydrogen at corrodible mntal
surfaces, in particular the formation and transfer of atomic hydrogen
into the bulk metal. Such ncowledge is a prerequisite to the control and
the final eliminction of hylrogen embrittlement which causes weaskening
ead eventual breskdown of structures in corrosive environments.

The provlem can be resolved into two stages. First, a knowledge
of the concentration of etomic hydrogen on the surface of the corroding
metal must be determined. Secondly, the rate of transfer of the hydrogen
into the metal bulk under various conditions must be measured. The
solution, therefore, requires first the development of new techniques
whereby the necessary information msy be acquired. The establishment
from this data of a generul theory of the kinetics of formetion and
transfer of atomic hydrogen into metals will then enable the development

of practical methods of control of hydrogen embrittlement.

2. FACTORS WHICH CONTPOL THE SURFACE CONCENTRATION OF HYDRCGEN

Atomic hydrogen is produced during the natural corrosion of
ferrous materials, during csthodic protection by externally impressed
cathodic currents, and during plating of protective nmetal films. In all
these instances the hydrogen is produced by a cathodic hydrogen evolution
reaction. The problem of surface concentration with adsorbed atomic
hydrogen is therefore intimately connected with the kinetics and mech-
anism of the hydrogen evolution reaction. The variation of the surface

concentration or coverage factor O can therefore be formulated in general
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terms as follcus.

(1) Hydrogen embrittlement and surface concentration of H

Consider a metal surface in solution upon which Hp is evclved
(fig. 1).
Then, if the surface coverage with H is in the steady state,
k(1 = O)oy+ - k90 - k0 - (k319 =0 (1)
where the k valves are rate constants appropriate t> the reactions
indicated in fig. 1; eyt is the proton source coacentration in the

double iayer.

Hence (1)
o kl cH+
+ et sl *
H o+ o == Hags
Thus, suppose kjcy* <{<k,, and US|
R
ks »; k_3 (condition of slow discharge
control of the hydrogen evolution reactions) .
hydrog 3 Hogs —= Hads
then:
0=t (3) Metal
= 3)
ko, + Teply —
Or, suppose that ky.% ky and k ;< cy+ then: Fig. 1
Scintion
1 Vo
6 = ' + .
I+ (kp)/ky cy+ (L) H' + Hygq + & —> H,

(3) and (L) represecant limiting expression Cor the coverage of
an electrode with H, assuming a path of electrochemical desorption.

Thus, the rate of diffusion of H intc the metal is:
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vy = (RD)lO. - (5)

Equation (1), and the resulting equation {5) apply for condi-

tions of steady H, evolution and it is assumed that little or no H

2

exists in the metal. If vy is appreciable, the concentration of
adsorbed H grows with time and may result in embrittlement. When the

steady state for H diffusion into the metal has been reached:

(kD)l 0= (k]))-l cH: (6)

vhere ey is the concentration of adsorbed H and (kD) N is the rate
constant for diffusion of E out of the metal and cH is the concentration
of absorbed H atoms. For & given metal the embrittlement is probadly

propoxtional to the concentrastion of adsorbed H and (6) shows:
g = nD g (7)
: S G
i.e., the absorbed H and hence for a given metel the embrittlement,
is proportional to the surface concentration, ©.
Hence, the amount of surface adsorbed H, mey be regarded as the
most basic quantity for the study of the H embrittlement of a metal.
The variation of degree of H embrittlement in a series of metals
depends upon: (a) Ttz embrittlement caused per atom in the metal
lattice; (b) The surface coverage during H, evolution, upon which the
concentration of adsorbed H directly depends. Among the verious metals
(Conway and Bockris, 1957), it is known qualitatively that the concen- !
tration of surface adsorbed H is greatly variable. It is therefore
possible that an important determinetive factor in the degree of H

embritilement among the various metals is the surface concentration of

PRI 1Y

adsorbed H.
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3. THE DOUBLE CHARGING METHCD

The methods available for the determination of the fraction of
electrode surface covered, @, have been revieved in detail elsewhere
(Bockris and Devanathan, 1957).

The most direct method is that of:

() Rapid galvanostatic charging

The method was originated by Bowden (1929) and used by Pavson
and Butler (1939) and others (Breiter, Knorr and V4lkl, 1955). Diffi-
culties associated with the readscrption of hydrogen from dissolved
hydrogen molecules in solution, or from bubbles on the electrode, are
ninimized by the use of high anodic current densities, whereby the
anodic dissolution of the adsorbed atomic hydrogen is completed before
readsorption becomes appreciable. Breiter, Knorr and V&#ikl (1955)
used this method for the noble metals Pt, Pd, Ir, Rh and Au under
cathodic polarization. The method can only be successfully applied if
there is a considerable potential difference between the potential cor-
responding to the completion of hydrogen dissolution sud that corres-
ponding to the commencement of the next anodic procesz (e.g., oxide
formstion, evolutian of oxygen, ete.), a condition found only with the

noble metals. When the succeeding anodic processes overlsp the hydrogen

dissolution, the definiticn of the potential region of hydrogen dissolution

becomes diffuse, and the rapid galvanostatic charging method becomes

inapplicable.




(B) Double charging method

_ Figure 2, which represents a typical potential time curve obtalned
on platinum by the rapid charging method, shows the potential gap B-C
separating the hydrogen dissolution stage A-B and the oxide formation
stage C-D. Figure 3 (curve 1) shows a similar curve for silver under
analogous conditions. No clear region attributable to hydrogen dissolu-
tion is discernible. In the present method, a compenseting curve enables
subtraction of the current cue to the irrelevant anodic processes to
be made from the total current due to hydrogen dissolution and these

other anodic processes.

4. THEQORY OF THE DOUBLE CHARGING METHOD

Suppose an electrode is polarized to an overpotential, 7(, with

a steady cathodic current, i let this current be switched off and a

c'

constant anodic current of magnitude ia switched on "immediately".

Then, after switching in a (total) galvanostatic current density, i,

3, = by - e ®)

vhere Cv is the capacity of the double layer at a potential V,t is the
time, and iF the total c.d. for the Faradaic processes occurring at the
potential V (i.e. for the dissolution of adsoxrbed H, together with the
formation of oxides).
If the dagree of surfuce coverage with H is 9,
ip = iy g + ig, (1 -9) (9)
vhere 1 is the current due to the dissolution of E from a total of

H,Q
1 cm? of electrode area (wvhatever the fraction of this area occupied by H);




and iy 18 the current due to some anodic process vhen this process
occurs on 1 cm? of an electrode surface which is free from H. Thus 1H 0
2

and 1_(1 - ) are both partial currents on 1 cu” of electrode.

C 3, | =t - (g o+ 102 - 9) (10)

Suppose gelvanostatic charging is now begun on an electrode free
from H (e.g., suppose it is b.gun at a potential sufficiently anodic to
the reversible Bé potential, so that all the adsorbed H hes been dis-
solved off the electrode before charging is commenced). Then:

Ny o
cv(at)t )= 1o-1. (11)
)
For a given potential in the first charging process, from (10)
and (11),
¥ v
Col ) - () ]= -1 8 (12)
VL at t,2 ot t,1 iH,G an
If, therefore, the potential-time gradients at a series of identical
potentials, i.e. (dv/dt)l o and (dV/dt)2 ., are measured, the value of
2 b4
(13,6 -1 e)v at a series of potentials can be obtained, knowing the
velue of C, at the various potentials chosen for the series of (dV/dt)v
values.

Consider now a plut of [13,9 + (1 - Q)ian:}v as a function of
a potential. Such a plot is shown in fig. 4, where the corresponding
values of 1an are also shown. For sufficiently cathodic values of V,

both [iﬂ ot (1 - O)iag]continues to increase because of the increasing
s

contribution of . Correspondingly, ign 18 initially small because the
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potential is not sufficiently anodic, but at sufficiently high anodic

potentials it increases rapidly and finally coincides with i,  + (1 - O)ian.
2

This occurs when the adsorbed atomic hydroger has dissolved completely
from the surface of the metal and the entire faradaic current is carried
by anodic processes such ss oxide formation.

The corresponding plot of the difference of the functions
[13,9 +1..(1 - o)]v and (1an)v is shown in an example in fig., 5. 1In
the vicinity of the reversible electrode potential, the difference of
the two functions rises sharply,_passes through & maximum and falls
asymptotically towards zero at the potential corresponding to the com-
pletion of H dissolution.

The difference of the two functions [in,e + ian(l - Q):) and
ian plotted as a function of potential in fig. 4 can now be plotted as

a function of the time needed to reach given potentials during the first

type of charging process (nemely, that described by equation (10),

vhen H is being dissolved from the surface). Examples of a plot of this
difference (i.e., of ig e = ian ©) against V are given in figs. 6 and
2

T. The area under this cuxrve is equal to:

Yo ian o
o[ et o (13)
o £/

where too is the time at which the plot falls to zero value.
When this function has a maximum value, namely, at small times,
and potentials near to the reversible potential, it is seen from the plot

in Fig. 7 thet i 1is very small. This suggests that ion G/iH,e <K:iH,O'
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Further,

ian 9 1

e 1+D0/,0

(14)

vhere O = 1F1 -4, end 1Fl = iH,e + (1 -6)i_, the faradaic current in
the first charging process. At short times, inspection of fig. 4 shows
that O /1 an D> I and therefore the "error term" in equation ( 13) tends
to be negligible. At long times, © -4 O, and the error term is hence
correspondingly small.

Neglecting, therefore, the effect of the term i o/iH the

an ,©

integral of equation (13) gives the amount of adsorbed H on the electrode
under the conditions of cathodic polarization corresponding to the be-

ginning of the first anodic charging process.

5. STUDIES ON SILVER

Silver was selected for these studies. With alkaline solutions
on anodic charging, oxide formation should overlap with and succeed the
dissolution of H, and then be followed by oxygen evolution. Thus, the
solution would not be contaminated by silver ions in successive anodic
discharges.

(A) The cell and gas purification trains were similar to those
already described (Azzam, Bockris and others, 1950).

(B) Preparation of alkaline solutions: The solutions of HaCOH

vere made from electrolytic Na amalgam. Hg was distilled three times,

and the cathode was placed in a 20% solution of A.R. lic0H. The electrolysis

I e e AT RS MBS R e S R S




was continued until the amalgam was viscous, the electrolyte siphoned
off and the amalgam washed in conductivity water. It was transferred
by means of helium pressure into a solution preparation vessel and
covered with conductivity water. During the dissolution of the amalgam,
the solution was in contact with purified helium only.

The NeOH solution was preélectrolyzed cathodically for at least
two days. The c.d. for the predlectrolysis was 1072 emps cm™2. The
solution during predlectrolysis was about 0.5 N and was diluted with
conductivity water, distillcd into the test electrode compartment of
the cell, to 0.1 N NaOH (determined by titration of portions drawn
through a trap from the cell).

(C) Water: This was prepared as described (Azzam, Bockris and
others, 1950). It had & conductivity of < 5.10"'A_cm™l. It was tested
frequently for traces of permanganate.

The water was refluxed in purified He for three hours. After
distillation into the cell it had a conductance of < 2.10?&\-cm’1.

(D) Electrodes: Spectroscopically pure Ag wire, diameter 0.2 mm,
was spot welded to W as follows: 3 mm of the wire was dipped into
colloidal Pt solution and heated in a small (cold) fleme to form an
adherent deposit of Pt. Alternatively, the Pt was deposited electrolyt-
ically from a soiution of HéPtClé. The Pt coated end was spot welded
to 6.5 mm ¥ wire.

Other details concerning electrode preparation resemble those of

L1, Ky er

. Bockris, Conway and Mehl (105%) and are detailed in Bockris and Devanathan
{(1957).
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(E) Circuit: The eircuit is shown in fig. 8. A is a coaven-
tional cathodic polarizing circuit. B consisted of a 90 V battery
source vith a variable high resistance in series. The auxiliary electrode
for the anodic charging was the Pt plate, and the low resistance (about
100L) betveen this and the test electrode ensured that the current was
controlled only by the high resistance, so that it remained constant
during an anodic charging pulse.

Change-over from the cathodic to anodic circuit was affected in
a8 time interval of about g;cs~c, by means of a special aswitch S, des-
cribed by Mehl, Devanathan and Bockris (1958).

(F) Procedure:

(1) The cell was allowed to stand in contact with chromic-
sulphuric acid for 2 - 4 days. The acid was removed, the cell filled
with distilled water and emptied about ten times and care was taken to
wash out acid in the sintered discs by stresming distilled water through
them under pressure.

(2) Before each run the cell was allowed to stand in nitric-
sulphuric acid mxitures for 2 - 3 hours. The above washing procedure
was repeated. The cell was thereafter rinsed three times with equilib-
rium vater.

(3) The cell vas filled wi*th equilibrium vater. The auxiliary
"ridge" connections vere made to the cell, the cap removed and the
electrodes sealed in thin glass protecting buldbs pleced in position in

the cap, vhereafter the latter was returned to thz cell.

——
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(4) The conductivity water was removed under fde pressure and
the distillation of water into the test electrode compartment and in He
commenced. The distillate was allowed to f£ill the cell and drain away.
This procedure was repeated until the water had the specific conductance
of 2.10° 701 em™l. The cell was filled completely with conductance water
distilled into the cell in helium and again drained.

(5) A smell quantity of the predlectrolyzed NaOH solution was
admitted to the cathode compartment snd diluted by distilling in more
conductance water,

(6) The solution was admitted into the reference electrode ard
enode compartments and predlectrolyzed on e Ag electrode at a c.d. of

1 smps cm™ for 36 hours, vhile purified oxygen-free He was bubbled

10”
through cathode and enode compartments.

(T) The predlectrolysis current was interrupted by raising the
predlectrolysis electrode above the level of the solution; one of the
bulbs surrounding a spherical Ag electrode was broken cautiously (to
avoid breaking the stem} under the solution with the £i1d of a glass
probe in the cell, connected to the exterior by mewuns of a slip joint
iubricated with conductance water. Om this electrode, Hé overpotential

2 _ 1077 amps cn2

measurements were carried out over the c.d. range 10~
(the sphere was positicned so as almost to touch the Iuggin capillary).
These measurements were unsatisfactory, the galvsanostatic measurements
wvere not carried out, or preflectrolysis was continued for a further
period, until satisfactory Pz-log i current density relations were
obtained, indicating a satisfactory degree of removal of impurities and

depolarizers from the solution.
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(8) An auxilimxy cylindrical Pt electrode was lowered into
position around an Ag electrode.

(9) The test electrode was pclarized to the desired steady
cethodic potential, and the change-over switch pressed (S, Fig. 8), the
enodic circuit having been previously adjusted so that the desired
constant anodic current would be thereupon impressed upon the electrode.

(10) The potential-time relation was registered on an oscillo-
scope (Tektronix 535) with preamplifier (53-54D, Textronix). To avoid
excessive drain from the cell through the preamplifier, an attenuator
probe, with an input impedance of 10 M (. was used between the test
electrode and the preamplifier.

(i1) The transients were recorded on an Exakta camera with short
focus attachment (f = 1.9; exposure 1/10 sec approx.). Persistence of
the image made use of a synchronization device unnecessary.

(12) The transients were traced onto graph paper at a magnifica-

tion of 50 times that of the oscilloscope screen size.
6. RESULTS

(A) Typical relations

The Tafel plot for the hydrogen evolution on silver in aqueous
0.1 N NaOH solution is reproduced in Fig. 9. The Tafel constants were
-6.5 + 0.1

found to be b = 0,124 + 0.001 and io = 10 as mean of ten

results.
In Fig. 3 are shown a typical pair of chargiug curves. The
mumber of coulombs required to dissolve off the adsorbed atomic hydrogen

under various conditions of polsrization were obtained from each set of

e e = - e e ~ n e a a
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curves as follows. From the curve of type (I) {transient starts from
cathodic condition) the capacity C of the electrode system was calculated
from the gradient of the charging curve in its linear region at low times,
i.e., before the commencement of any dissolution of adsorbed hydrogen.

A number of these points was measured (front silvered mirror and set
square) for both curves of type I (see above) and type 2 (transient starts
at a potential anodic to the reversible 32 electrode). The currents iF
and 1 = were calculated from equations (8) and {11) for various potentials
using the previously obtained volue for C which was assumed to be constant
throughout the potential range. (Errors involved in this assumption are
discussed below.) Fig. 4 shows these currents plotted against the poten-
tial. A plot of the difference in these values against the potentiai is
shown in Fig. 5. The dissolution of the adsorted atomic hydrogen is

assumed to be complete when the difference of iF and 1 nzmely, the

an’
current function of Fig. 5, becomes insignificant. The same difference
in current densities, plotted against the time required to attain the
respective potentials in the case of the first type of charging curve,

is shown in Figs. 6 and 7. is obtained from the area under the plots

“m
examplified by these figures (cf. Section k, equations {13) and (14)).

(B) Qg as a function of the anodic current density

In Table 1 is shown the resuits for QH at a constant cathodic
polarizing current density of 10°3 A. cm'2 for current densities of anodic
charging from 5.1073 to 5,107 A. en™@. The Tesults are presented

graphically in Fig. 10. QH beccmes constaat at about 55,ut/C.<:m'22 when
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varietion with anodic c.d. to that found on Pt both by the present workers

Ao NN A ...-2
ehout 200 A.cn

and by Breiter, Kaorr and V81kl (1955).

1k

These Tesulls snow a similar

As in the case of platinum,

the asymptotic value at high anodic c.d., i.e. when the value of QH had

becomz independent of the charging time, is taken as the amount of hydrogen

on the electrode, unaffected by readsorption from the solution or from

bubbles.

TABIE 1

APPAFENT COULOMBS FOR REMOVAL OF H ON Ag DURING CATHODIC

POLARIZATICN AT 1073 A. cm

-2

Anodic c.d. fcr charging Apparent No. of independent sets of
coulombs experiments on which
result based

5 152 L
20 126 6
Lo 117 4
60 97 3
100 68 L
150 80 c
200 103 3
250 55 e
300 45 2
350 50 2
400 60 3

P
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(C) Qg as a function of cathodic current density

Results obtained at various cethodic c.d.'s at a constant anodie
charging c.d. of 100 mA. en™2 are given in Fig. 11. Qg veries linearly

with the logarithm of the cathodic c.d.

(D) Qg as a function of poison concentration

2

The cathodic ¢.d. was 1073 A. ecm™ and the anodic c.d. was 200

mA. cm"e. Arsenious oxide was used as the poison. The As_O_ concen-

23
tration was varied from 10'6 to lO'h moles per iitre. Change of Aszo3
from zero to lc-h moles per litre caused a 250% increase in the surface

hydrogen concentration.

7. DISCUSSION

(A) Validity and accuracy of the method

(1) Evaluation of Q

The hydrogen on the electrode surface is given by means of the

integral

to

o = J g o 0t (15)
o

whereas in the above described method, the integral
t
@ i
an
f i (1-77) at 16

is used for the evaluation. It is necessary, therefore, to analyze the

error thereby introduced.

P LN
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In Figures 3, 4 and 6 and 7 are shown, respectively, charging
curves for Ag in Q.1 N NaOH; the derived curves of 13’9 + (1 - O)gy
and i,, a8 a function of potential, and the corresponding relation of
13’9[1 - (ianO/iH,g):l as a function of time.

Referring to the points on Fig. 4 by the number there given, it
is clear that values of 1p 6 [} - (ianO/iH,Q):] are effectively free of
error up to point 6. At point 7, the small error introduced into the

plot can be calculated as follows. The "error term" in equation (13) is:

ianQ 1l

13931*”0/1&0’ (17)

vhere {\ is defined in Section 4.

For point 7, of Fig. 4, the error term has the aumerical value:
1/(1 + 1.9/0(7)). Now 0(7), i.e. the coverage with H corresponding to
peint 7, can be evaluated with negligible error because the foregoing
point 6, 5, etc., yield data free from error (ian - 0). Subtracting
the Qg up to 7 from the total, one obtains 24 coulombs of charge which
correspond to the H still to be removed from one cm? of the electrode
(Veselovsky, 1939). The ratio of real to apparent surface srea of Ag
is not less than 2 (Kortdm aad Bockris, 1951). Removal of one true
cm? of H from a Ag surface requires 238 microczoulombs. He..ce, the
maximum fraction of Ag covered with H at point 7 is 24/476 =2 0.05.
Hence, the value of the error term for point 7 is 1/(1 + 1.9/0.05) =
1/38 = 2.7%. Similar snalysis for all further points to the right of
T iz Fig. 4, shows a smaller error than this owing to the rapid decrease

of @ at times greater than that of point 7. The correct value of the

%::&%W—
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current density, i (1. (1 o/1 A)-], is found to be never 3% less

““an™ “H,9’ J

than iz. The fact that in, e.g., Figs. 6 and 7, the relation plotted
[, . rror of 1

is 1H|_l (iano/iﬂ,o)] and not iy therefore implies an error of less

than 3%.

(2) Capacity

In principle, it is necessary to use in, e.g., equation (12), the
value of the double layer capacity from independent measurcments at the

various potentials for which i _ - iang is evaluated. In the absence of

H
such independent values of Cv, approximate values of the capacity can be
obtained from the charging curves themselves at low times, e.g., for the

second type of charging curve at low times, when ian = 0, and

27,

Cy(5z), =1 (18)

t,o @

Alternatively, for the first charging curve at sufficiently low times,
=i (19)

The latter equation is more convenient to use because the potential-time
relation at the commencement of the second charging curve is obtained in
the presence of an apprecieble IR drop, at high anodic c.d.'s.

The error intrcduced by the use of a Cv value independent of
potential can be estimated as follows. Let it be assumed that the
maximum capacity change which occurs over the potential region jnvesti-
gated is 100%, i.e., the percentage change observed on a Hg electrode

during the transition from the extreme negative to the extreme positive
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side of the electrocapillary maximum. (This assumption represents an
overestimate of the probsble change in Cv with V because, in the potential
range of the transients, the potential is always in a region negative
to that of the e.c.m., 80 that, by analogy with th~ behavior of Hg,
the probable change is likely to be < 20%.) Tke larger part of any
change in C - would be expected to occur in the most positive potentisal
range (cf. Hg). Reference to Fig. 4 shows that this is the region at
vhich most of the H has already been dissclved off and the curves iFl
and :Lra are rapidly coming close together. Let it be assumed that the
capacity becomes 75% greater over the potential range + 200 to 600 V
(cf. Fig. L), Let the capacity increase linearly with potential over
this range. Rumerical compnuiation upon these assumptions utilizing
equation (12) and the results of Figs. 4 and 5 show that the resulting
error on the overall result arising from the capacity changes assumed
is less than 4% (results reported are too small).

A further error might arise from increase in capacity in the less
positive potential region, e.g., that near the reversible potential.
Here, the maximum reasonable capacity change will be much less than that
discussed for the positive region. However, the effect on the results
will be greater than effects in the positive region because the value of
((W/d‘l;)2 - (ml/dt)l is greater in the more negative potential regions (cf.
equation (12)). let it be assumed, referring to the typical results in
Figs. 4, 6 and 7, that the capacity increases linearly with potential by
25% between the reversible potential (V = O) and that of V = + 200 nV.
The resulting computed error is about 10% (reported results too low).

The total from the reasonsble maximum capacity change is hence some 14%

R i - TN NI < =7 TR NS -

ko
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for the example of Figs. 4, 6 and 7. Application of a similar analysis
to charging curves at other potentials shows a similar percentage error
for the portion at lower potential. The total error arising from possible
capacity changes may be assumed to be less than 20% (stated results too

small).

(3) Partial pressure of H, in solution

He 1s bubbled through the solution in the test electrode compart-
ment during the measureuents go that the reference electrode, and the test
electrodes are under different partial pressures of Hé, However, this
is true only of the bulk of the solution. In the vicinity of the test
electrode during anodic charging, the solution is iikely to be saturated
with H2’ due to the evolution of H2 during the cathodic polarization
vhich precedes the anodic pulse. Suppose this pressure were to fall
to l/lO of atmospheric pressure, due to presence of He. The potential
of the test electrode in the absence of current would become 29 mV more
positive than that in contact with H, at 1 A. The actual change is

2
likely to be negligible for reason stated.

(B) Degree of coverage on silver in alkaline solution

The results for the number of coulombs required to ionize the
adsorbed hydrogen present per unit area of the electrode under steady
state cathodic hydrogen evolution are given in Table I as a function of
anodic current densit;”. The asymptotic value free from errors of read-

2

!
§ sorption is some SO/u.C.cm' for an overpotential of - 400 mV, in 0.1 N
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NaOH. Results at other overpotentials are given in Fig. 1ll. Assuming
that the apparent area is twice the real area; one has some 25/LL C. cmfe.
This (see sbove) indicates a © valuve of about 10% under the stated con-

ditions.

8. STUDIES ON NICKEL

Ni electrodes find extensive application in strongly alkaline

soluticns and therefore this system was selected for study.

(A) Ni electrode

B.D.H. nickel rcd fitted with a polythene sleeve was used as the
test electrode. A polythene rod 1/2 in. diam. and 2 in. long was drilled
axially to an int. diam. of 3/32 in. A nickel rod 4 in. long and 1/8 in.
diam. was then forced through the hole ir the polythene rod to obtain a
water-tight fit. The polythene-covered end was machined flat oo as to

expose only the ares of cross-section {0.083 sq. cm.).

{B) Cell and Auxiliary Eiectrodes

The ceil {see £ig. 12) was made of Pyrex glass aud had three
compariments. The test electirode was a B3i4 test-tube and w#ss connested
on either side to Bl4 test-tubes, which served as the anode in the
reference electrode compartments. Tne diffusion of oxygenated anolyte
into the test chamber was prevented by means of a sintered disc inserted
between the compartments. The.Luggin capillary from the reference elec-

trode compartment was centered vertically upwards in the test chamber.

2 G R I e et
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Provision was made to admit purified hydrogen into the test and reference
elactrode compartments through capillary ubes.

The anode compartment was fitted with a bright sheet of platinum
and this was used for the cathodic polarizatiun of the test electrode.
The reference electrode was the hydrogen electrode prepared in the con-
ventional manner. In the test electrode compartment were two electrodes;
the polythene-sleeved nickel electrode was surrounded by a piatinum
cylinder 3/4 in diam. end 2 in. long. The platinum cylinder was used
as the catbode, first duriog the pre-electrolysis and later, for the
anodic polarization of the test electrode. These two electrodes were
mounted on & polythene stopper vhich fitted tightly the B34 cone. The
B34 cone and the reference electrode had bubblers containiag distilled

wvater to prevent diffusion cof air into the cell.
(C) Electrolyte

Sodium hydroxide solution (2 N) was used as the electrolyte.
Merck's pellets (extra pure quality) of sodium hydroxide were dissolved
in conductivity water, which was prepered by alkaline permenganate oxid-
atiop of istilled vaicr, followed by two distillations fxom an all-gless
well-seasoned Bara still. The specific conductivity of this water was

0.h}L mhos.

(D) Purification cof Hydrogen

Commercial electrolytic hydrogen wes deoxygenated by passage

through a palladized asbestos furnace. The gas was bui»ied through water
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and fed by polythene tubing to the test and reference electrode acmpart-
ments. The rate of bubbling of hydrogen was easily controlied using

plastic agqusrium-type ragulator vaives.

(E) Electrical Circuitc

The circuit uvscd is given in Fig. 13. There were two polarizing
circuits - one to polarize the Ni electrode cathodically and the other
to polarize it anodically. The Ni electrode was first polarized catnod-
ically and the change to anodic polarization effected instartaneously.
This was achieved by using a special relay with a rige time of 1077 gec,

The cathodic polarizing circuit was never shut off. On switching on the

anodic current by means of this relay, the test electrode became anodically

polarized. Since the anodic current was at least a hundred times larger
than the cathodic current the effect of the latter is negligible when
calculating the anodic c.d. Leakage of the anodic pulse into the cathodic
polarizing circuit was prevented by including & high-caracity choke.

For cathodic polarization, a conventional battery-powered circuit
was used. The current through the circuit was measured by a Cambridge
unipivot multirange microammeter. For very small currents, the potentisal
across & standard 10 x 1 megohm resistor was measured with a Doran
valve potentiometer, and the current cealculated.

For anodic polarization the cuxrrent source was a high-capacity
90 V battery. The current through the circuit was varied by adjusting
the resistance in a resistance box. Since the resistance between the
platinum cylinder and the test elzctrode was negligibly small the anodic

currert was controlled only by ithe resistance box.

AT e N N
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(F) The Relay

A Western electric reley using mercury-watited contacts in high-
pressure nitrogen (type 2753) was used. Xt wes operated by a 90 V

battery and a micrusvitch vith a suitable filtering circuit.

(¢) Measuring aLd Recording Appexstus

() Potentiometer: Doran pH meter reading to + 0.0005 V;
(b) Oscilloscope: Tektronix type 535 with 53/54 D high-gain
differential d.c. amplifier;

(c) Camera: Exakta Varex IIA fitted with Makro Kilar D 1:2.8/k cm.
(H) Prccedure

The cell was cleaned with dichromate + sulphuric acid mixture and
washed thoroughly with distilled water. It was rinsed several times with
sodium hydroxide before introducing the solution. The exposed area of
the nickel electrode was scraped with a clean grease-free blade to give a
bright surface. The solution wes pre-electrolyzed at 25 mA (power pack)
for 3 - 4 hrs. using the bright platinum sheet as anode and the platinum
cylinder as cathode. During pre-electrolysis as well as during measure-
ments, a steady stream of hydrogea was bubbled through the test and the
reference electrode corpartments.

After pre-electrolysis, hydrogen overpotentizl measurements were

6 2

carried out over the c.d. rarge 107t o 10” A. e “, the test electrode

being fitted so as almost to touch the Iuggin capil.ery. Galvanostatic

© anodic charging wag then carried out. The test electrode was polarized
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cathodically at any desired c.d. An snodic pulse of predetermined
magnitude was then passed through the nickel electrode by pressing the
microswitch. The Ni electrode immediately became anodic and the rate of
change of potential from cathodic to that of oxygen evolution was
registered on the oscilloscope. The oscilloscope trace was photographed
on a fast green-sensitive recording film using the Exakte camera fitted
with the close-up lens (exposure for sbout 3 sec at B). For any com-
bingtion of cathodic and anodic¢ c.d., 2 oscilloscope traces, the normal
and the compensation, were obtained. The normal curve was that obtained
starting from the equilibrium overvoltage at any cathodic c.d. The
compensation curve was obtained immediately after the normal curve. When
the microswitch was released, there was only cathodic polarizetion of Ni
and the potential of the electrode gradually changed from the anodic
towards the cathodic eide. The compensation curve was produced by
switching on the anodic polarization circuit when the potential of the Ni
electrode had fallen from + 25 to 50 mV, as measured by the potentiometer.
The compensation curve obtained starting at + 25 mV was nearly identical
with that obteined starting at + 50 mV. indicating the absence of adsorbed
hydrogen on the surface between these poten.ials. This is also supported
by the low values for the capacity (20 . F), calculated from the compen-
sation curve. The film was placed in 2n enlarger and the oscilloscope
trece was drawn on cm. graph paper at a linear magnification of four times
the oscilloscope screen size. The gradients of the ncormal and compensation
curves were found at various points by graphical differentiation using

a front-silvered mirror and set square. All measurements were carried

cut at room temperature (26 - 28° ¢).

T ™ T P T SO, - . or.
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9. RESULTS

(A) Overpotential Results

Overpotential measuremeuts or Ni cathGdes ir alkaline sclutions
have been published only for dilute solutions (Bockxris and Thacker,
1959). These results, vkich were obtained with hydrogen-saturated wire
electrodes, show that overpotential decreases with increage in alkall
concentration. Ouxr results are for electrodes which had not been
previously heated in a hydrogen atmosphere. Hence, one would expect
lower energies of activation for the discharge of E' ion. This, conse-
quently, is another factor ceusing low overpotential values. Our

results are in accordance with expectations and are shown in Fig. 1k.

The reproducibility was + 2 mV at low c.d.'s rising to + 10 mV at high c.d.'s.

(B) Calculation of 9

In Fig. 15 are shown a typical pair of galvanostatic charging
curves. The term (iH - iang) at any potential was calculated from the
gradients of the normal and the compensation curves using eqn. (16). A

plot of (iH - ianO) ageinst t , where ty is the time required to reach

N’
this potential on the normal curve, is given in Fig. 16. The area under
the curve gives the quantity of electricity (qH) required to dissolve all
the adsorbed atomic hydrogen which was present on the cathodically polar-

ized surface.
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(C) Variation of gy with Anodic c.d.

L -2

This variation at a constant cathodic c.d. of 10°° A. cm 8

given in Fig. 17. It is seen that qH has a constant value of about

2

55 C em.”  at enodic c.d.'s exceeding 0.6 A cn™®. This shovs that

re-adsorption of hydrogen is negligible at anodic c.d.'s above 0.6 A.
cm.'a. The results were reproducible to + SJU/C except in the regions

vwhere there was re-adscrption.

(D) Variation of gy with Cathodic c.d.

To stud, this variation, the anodic c.d. was kept constent at 1
A. cm.'a. At this value there is no re-adsorption of hydroger. The

results given in table 2 show that qH values at cathodic c.d.'s exceeding

1073

were very large and variant. This is evidently due to re-adsorption
from hydrogen bubbles sticking to the electrode. This phenomenon has
also been observed or noble metals by Breiter, Knorr, and V81kl (1955),

and on Ag by Devanathan, Beckris and Mehl (1959/60).

(E) Degree of Coverage

For this calculation the roughness factor (r.f.) should be first
obtained. This was calculated from the capacity of the electrode. The
average value obtained for the capacity was QQ}L F. Since the capacity
of the Hg electrode under cathodic polarization has been shown by various
workers to have a value of l6/¢ F, the roughness factor of our nickel

electrode was 1.25.
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TABIE 2

VARIATION OF qg AND @ WITH CATHODIC c.d.

ANODIC c.d. = 1 A. cm. ™2

Ca}:ﬁgii.g)c.d. 7 (V) qH(,u.c) Q
1.00 x 106 19 18 0.045
1.00 x 10™° 30 2% 0.065
1.80 x 107 37 26 0.066
3.00 x 107 52 29 0.072
5.65 x 107 70 42 0. 10k
1.00 x 107 90 49 0.122
1.80 x 107 121 T2 0.179
3.00 x 107 140 100 0.250
5.65 x 10‘1* 166 121 0.303
1.00 x 1073 186 155 0.386
3.00 x 1073 242 1,050 2.62
1.00 x 1072 802 3,040 7.60
1.00 x 107* 460 10,440 25.55

Calculations show that the charge required to dissolve the
hydrogen adsorbed on 1 sq. cm. of Ni assuming a 1:1 H:Ni ratio is 326
MC. Hence, the charge required to dissolve a monolayer of hydrogen

from 1 sq. cm. of apparent area is equal to 326 x 1.25 = LOOuC.

|
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Values of 9 calculated in this way are recorded in column 4 of

Table 2.

10. ETUDIES ON COPPER

Some experiments were carried out on copper in 1.2 N NaOH
using the same technigue and apparatus used for silver. As expected
the number of coulombs for the dissolution of hydrogen decreased asymp-

totically as the anodic current increased. The results are given in

Table 2.
TABLE 3
Anodic cd. mA/em.2 Qg c/cm.2
5 300
250 180
400 ko

11. MECHANISM OF THE HYDROGEN EVOLUTION REACTION ON SILVER

(A) Dissolution of H at Cathodic Potentials

According to Figs. 4 and 5, the dissolution of H commences at
potentials of about -150 mV with respect to the reversible Hé electrode.
This is not a thermodynamic anomaly because the electrode during anodic
charging is not under reversible conditions. Consideration of this
potentisl of dissolution gives information concerning the rate~-determining

reaction for the hydrogen evolution reaction at Ag in 0.1 N NaOH.
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Suppose that this step is the rate of proton discharge from
water molecules (the following desorption step being combination of
adsorbed H atoms). Then, 1f 0,1 is the degree of coverage at the
overpotential corresponding to the cathodic currant density obtaining
before anodic charging commenced, and QR that corresponding to the

reversible potential,

1 -0 Q
h -onF/Rr % (1 - “)’?F/RT‘J
1, = io[f—.—é; e T g e , (20)

vhere i, is the steady cathodic current density before anodic charging,
10 is the exchange current density, and ‘7 is the steady state over-
potential corresponding to time t = o, i.e., the time of commencement
of anodic charging.

When the ateady cathodic current is replaced by the anodic charg-
ing current, this is at first used largely to bring about rapid change
to the potential of the electrode, i.e. as & capacitative current. During
this early part of the anodic sweep, it may be assumed that the value of
© lags behind the steady state coverage corresponding to the (rupidly
changing) Ny let it be assumed as an approximation that, in the period
of the anodic pulse referred to, 6 = 9, . From (20), the current, 1,

becomes anodic when {assuming @, and Q_ are not near to I),

n R

%0 o(1- ON F/RT o - nyF/RT (21)

_ RT
"lt,dissoiation = F 5&. (22)
t=0

7 where 7?t,disaolution is the electrode potential, with respect to the :
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of H commences during the anodic sweep.
From Fig. 11,
"075 2.1
- . -
QH,R =10 ’ Qﬂ,)z 10 (23)

Hence, ’?t, dissolution ™ = 80 mV, in reasonable agreement with
the - 100 to - 200 mV observed.

Assumptions concerning the rate-determining step other than
that suggested (see above) are not consistent with the potential at

vhich dissolution becomes appreciable.

(B) varistion of Coverage with Potential

On the basis of the above stated rste-determining step, it can

{ be shown that :8

O-,'7 - Ke-nF/hRT (24)
vhere K is a constant, i.e.:
P) 0 .
S—Tag-q = - 4 x 2.303 RT/F2= -0.24 at 25°C (25)

The results of Fig. 9 are quaiitatively in agreement with this
equation and yield 5’71/8 1n @ = - 0.31. The results at the highest
overpotentials show a tendency to decrease in slope, i.e., for 0,? to
become dercreasingly dependent upon potential. If the electrochemical
mechanism were the rate-controlling step in the h.e.r. (Bockris, 1954)

; on Ag,O,z # f(')z ). The tendency observed may, therefore, indicate the
commencement of partial control by the "+ Hegg + & - 32 reaction at

the highest overpotentials examined.
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The results of Fig. 1l sre inconsistent with a rate-determining
step on Ag other than that of porton discharge, followed by non rate-
determining desorption by means of combination of adsorbed atomic H. Thus,
wvere the desorption step the non rate-determining reacticn Ht + Hads + e;
- H, 07 would be independent of potential (Bockris, 1954). Were the

rate-determining step 2Hads ~> 32.

6y = k' e F/RT (26)

at low coverages, i.e. 2%/ 3 log © = - 2.303 RI/FL=0.06 at 25°¢, 1in
marked dissgreement with the resultis of Fig. 1l.

These observations hence support a rate-determining discharge,
followed by atomic combinetion as the mechanism of the evolution of He
on Ag ir 0.1 N NaOH. This observation supports the mechanism suggested
from determiaation of the stoichiometric number (Pentland, Bockris and
Shelder, 1957).

A rate-determining electrochemical desorption reaction has teen
indicated for the hydrogen evolution reaction in acid solutions (Pentlend,
Bockris and Shelden, 1957; Conwey and Bockris, 1957). (However, as a
result of potentiostatic studies in zcid solutions a rate-determining
discharge with descrption by the electrochemical reaction has also been
reporteé (Gerischer and Mehl, 1955)). A change from & rate-determining
step of electrochemical desorpticn to that of slow discharge upon passage
from acid to alkaline solution hes been indicated as & probasbly genersl
tendency (Pentland, Bockris and Shelden, 1957); because dischsrge from

water molecules would be expected to be associated with e heat of acti-

vation considerabiy greater than the corresponding discharge from protons
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(Parsons and Bockris, 1951; cf. also Frumkin, 195&).

12. MECHANISM OF THE HYDROGEN EVOLUTION REACTION ON COFPER

The Tafel slope, stoichiometric number and the order of magnitude of
the coverage with hydrogen atoms suggest that the mechanism on copper is
also the same as that on silver, namely slow discharge followed by recom-

bination.

L]

13. MECHANYSM OF THE HYDROGEN EVOLUTION REACTION ON NICKEL

Our measurements of S at various c.d.'s on Ni in alkaline solu-
tions enatles us to determine the stages involved in the cathodic evclution
of hydrogen. The first step in the evolution of hydrogen must be the
discharge of a hydronium ‘on (path A), or a water molecule (path B),
to yileld adsorbed stomic hydrogen on the Ni surface:

(a) 330* + N + e = NiH + K0,

(B) H,0 + Ni + e = NiH + OH .

In strongly alkeline solutions (2 N.) path A is unlikely as the concentra-
tion of hydrogen ions is negligibly small and it appears that the discharge
of a water molecule is the first step in the formation of adsorbed atomic
hydrogen.

The rewoval of this adsorbed atomic hydrogen from the surface
could proceed either by electrochemical desorption (path C), or by Tafel
recombination (path D):

(€) N1H+H3O++e=52+HQO+Ni,

() NiH + NiH = H, + 204,

AR g e
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14, RATE-DETERMINING STEP

S8ince for reasons slready given, path A is unlikely, any one of
the steps B, C or D could be rate-determining. It has been shown that
vhen discharge is the rate-determining step the stoichiometric number is 2.

This nurtber v can be determiued using the equation,

= 2i -R-?-g-n- 3 27
v loF(aic),l_)o (27)

or, approximately, from the point at which the overpotential deviates
froom the Tafel line due to the ionization of hydrogen. v is then given
by the equation,

v = V'/0.038, (28)
vhere V' is the potential at which there is the break in the overpotential
curve. We have calculated v by both methods and found the stoichiometric
number to be 2. Therefore, the rate-determinirg step in the evolution
of hydrogen on aickel in strongly alkaline solutions is slow discharge
frem a water molzcule. If slow discharge is the rate-determining step,
it is reasonable to expect small values for @. Fig. 19 shows @ plotted
as a function of log c.d. It will be seen that the values indicate low

-~ -2

coverage up to e c.d. of 5 x 10 " A, em ©. Thesraafter, there i8 an
extremely rapid rise whi~h we attridbute to re-adcorpticn from hydrogea

bubblee sticking to the electrode surface.

15. DESCRPTTON MRCHANISM

The desorption of adsorbed hydrogen atoms can proceed through
Tafel recomvination or by an electrochemical mechenism. If Tefel recom-

binetinn is the desorption step; then
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1o = kT02 (29)
Electrochemical desorption can be fast, or slow and rate-determining.
For the iatter case,

1, = KO {(30)
For fast electrochemical desorpticn, © should be independent of the c.d.
A plot of log i against log @ would therefore give a gradient of zero for
fast electrcochemical desorption, 1 for slow electrochemical desorption and
2 for Tafel recombination. Our results plotted in this way are given
in Pig. 19. The gradient is two, thus proving that Tafel reccmbination is
the desorption step. It should also be noted that this result is not
affected by the value of roughness factor assigned in the calculetion of
Q. For a different value only the intercept is changed.

The value, 1022 4, cen@ of i, at log 0 = O gives the rate

constant in A, for the recombination step.

16. THE TAFEL EQUATION

The Tafel equation is based on the formula

1 =1 exp (-o«7F/RD). (31)
In this equation, io is the rate of discharge of hydrogen ions on 1l sq.
cm. of the electrode surface when 'Q = 0. It is apparent that this io’
cemonly called the exchange current, is only a partial current, since
evan at the reversidble potential there is some coverasge with atomic
hydrogen. In order to get the rate constant for the discharge of hydrogen
jons it is necessary to correct for the coverage. Ve therefore modify

the Tafel equation to read

i =?°(1 - 9) exp (- x7F/RT), (32)
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vhere @ is the coverage at the overpotential 72. Here ic is the current
through 1 sq. cm. of apparent area, the fraction © being blocked for the
discharge of B ious (except, of course, for an electrochemical desorption
process ); IZ is the c.d. for the dischcrge process on a hydrogen-free
surface when 7? = 0. FPor this reason, we have not calculated the Tafel
constants from the graph of n against log ic (Fig. 14). A true value for
the constents could be obtained only after ccrrection for the degree cf
coverage. We have therefore plotted 7] against log [:ic/(l - Q)] (Fig. 20).
it will be seen that above 75 mV the graph is a straight line giving

ra g -4 2

i’ =10

o and b = 38 mv.

A cm.”
The deviation from tne Tafel line at low cathodic ¢.d.'s has

been attributed to the reverse reaction (i.e. ionization) becoming

apprecisble. If, therefore, a quantitative correction could be applied

for this ionization current, then all the points should fall on a straight

iine when 7 is plotted against log [ic(corr.)/(l - o)j .

The measured cathodic current is the difference between the dis-

charge and the ionization currents, i.e.,

1=7-%. (33)

<§ must deperd on © and the overpotential. It may be expressed in terms
of?; by the equation

g - i;e exp [(1 - x)ng/RT] . (3%)
Hence, the complete equation for the cathodic current is obtained from
eqn. {32), (33) and (3%) and is given by

1, = (1 - 0) exp (- YF/RT) T 0 exp [ - o<)7F/R'r:] . (35)

$This equation may be contrasied with an equasion by Breiter, Knorr snd
3

4Vdlkl {1955),

3
-
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ll = cl\\m -]
'1\(1' ) exp (SF5) - | SEpF | ). G6)
If one puts @ = QR and ’7 = O in this equation, ic = 0, which means
that ?-.-.Qf = io. As we have pointed out earlier, io cannot be the true
c.3. as it is only a partial current on 1 sq. cm. of a partly covered

surface. In contrast, our equation reduces to

=1 -

=T - 6)) - g, (37)

e = 1 .

<1° can be equal to 10 only if OR =5 However, if OR is known, it is
possible to calculate <1: from T’by using the above equation. OR is deter-

mined by extrapolating a griph of @ against 7 to n = 0. A straight line
was obtained for overpotential values less than 50 nV and QR was found
to have a value of 0.0,
Therefore,
T = TL - 0.04)/0.04 = 240uA em. 7, (38)

We can check the validity of eqn. (35) in the following manner. We

w'ite our equation in the form,

1o + o e [(1 - x)MF/RT)
T L P e (- 238, (39}

and plot the log of the left-hand term against overpotential (Fig. 20).
It will be seen that all the points lie on the same line with 1‘;": 107
A cm.” and the slope b = 88 mV (as before). The data used in this cal-
culation are recorded in Table k.

A perusal of column 5 shows that the ionization current is

'hA em. =2

spproximately lO/uA throughout the range covered. At a c.d. of 10
it forms 10% of the toral current, thus confirming Bockris and Potter's

observation that departure of the Tafel line from linearity is due to the

Lt kAR T R o S AN e B o A4t L L B L
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ionization current. The results and the graph coniirm the validity of
eqn. (35).

Up to a c.d. of 1073 A cm. '2, desorption proceeds by Tafel recom-
bination. The double charging method cannot be applied to determine © at

higher c.d.'s because of errors arising from re-adsorption of hydrogen.

TABIE 4

I 1T 11X v v VI VII
7 (V) 9 (11;;225'_){ e ‘Igee_x 1cf§§9§-x 1ogi°+1;°e’x

1-9
10 0.04%5 0.123  0.887 9.60 11.1 1.045
30 0.065 0.355  0.705 11.00 22.5 1.352
37 0.066 0.453  0.63¢ 11.20 30.2 1.480
52 0.072 0.600  0.549 9.45 42,5 1.628
T0 0.10k 0.833  0.436 10.80 75 1.875
90 0.122 1.09 0.336 9.82 125 2.097
121 0.179 1.45 0.237 10.18 232 2.365
140 0.250 1.70 0.183 11.0 Lk 2.617
166 0.303 2.03 0.131 9.5 824 2.916

186 0.386 2.30 0.100 9.32 1630 3.212
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17. THE CONDITIONS NECESSARY FOR THE SUCCESSFUL APPLICATI'W OF THE

GALVANOSTATIC METHOD

A detailed enslysis (ref. ONR Report No. 3) showed that the
vollowing conditions must be fulfilled.

(A): The reversible potential of the metal must occur at a
potential more positive than 100 mV referred to the reversible hydrogen
potential in the same solution in order to avoid the presence of H on
the surface at potentials anodic to that of the reversible H2 electrode.

(B): The time of the sweep must be long enough so that the
hydrogen has sufficient time to dissolve off. This is at least 0.3 %%
sec.

(C): On the other hand, the sweep time must be less than
10.5/1c sec., vhere i, is the cathodic current density existing before
the sweep, in order to avoid appreciable loss of H by combination during
the sweep.

(D): The anodic c.d. mist be sufficiently high so that the
effect of the readsorption of hydrogen is negligible. Approximately the
order of the lowest values in 100 ma. cm. 2

Consideration of these conditions in respect to the known kinetic
and thermodynamic vuarameters for a range of metals i:..dicates that the
galvanostatic method may successfully be applied only to Ag, Cu, in
acid and alkaline solutions, and to a wide range of transition metals in
alkaline solutions; and the noble metals. (For these latter iue oxide
formation occurs at a potential much more positive than that of the
reveraible H2 electrode and determinations can be made by a simple (non

double pulse) coulometric method.

- . - e - e -
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ig. of course. its reg.

F = FEE=2T;

The main Adisa
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tricted applicability in acid solutions.

18. POTERTIOSTATIC METEQD

In the potentiostatic method (Slygin and Prumkin, 1935, 1936),
the cathodic potential during the steady state evolution of hydrogen is
changed in sbout one microsecond to an anodic potential which is sufficiently
noble to correspond to the complete absence of H. The dissolution of
adsorbed hydrogen will be coaplete in a time less than 1 millisec., and
will be uninfljenced by passivation of the metal, which would not commence,
in most practicel solutions, until after 1 sec. or more.

However, when the anodic pulse is passed, it causes not only
the dissolution of the adsorbed hydrogen, but aliso the dissolution of
the substrate, so that it is necessary to ascertain the conditions of
iH’ PH2, c.d., and order of concentration of atomic hydrogen on the

surface, vhereby & measurable anodic pulse of H, clearly separated from

the pulse for the metal dissolution, would be expected.

After the switching in of the anodic potential V, let 1 be the
total current at any inatant, iH the current for the dissolution of
adsorbed H, ian that for dissoclution of the metal which takes place at
a potential V, C the capacity of the double layer, and t the time.

Then:

: dv
i=ipg+d ¢ c oy (40)

After charging of the double lasyer is complete,
i = iH + ia.n (hl)
It (OH)t is the fraction of the surface covered with adsorbed
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hydrogen at time t:

(Qﬂ)t O(RTF

iﬂ = (iO)H m e (1#2)
and o(an')?anF

fn = (gdan [1 - () e (43)
The potential terms are constant, whereupon:

1= I(0p), (u4)
vhere o 'qF

(io)H gT L
= e

Iy (erev)"H (45)
and

ton = I [1 - (On)t] (46)
vhere: o(an*,?anl?

= RT

Iyo = (1)gg @ o)

also
a(0g)y

g = - F2 g = Ilep), (48)

From (44%) ()
. a(e
. (OH)t = - %-—d—g—t (’49)

Or:

a(e.) I

o, TR (o
Hence, -IHt

(0g)y = (8) & ™2 (51)

vhere (GH)t —o 18 the coverage during the cathodic polarization.
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Thus,
I T
1, = Ia(%)o e F2 4 I, {1 - (OH)O e ¥z (52)
-IHt

. [IH- MICS LS (53)

..IHt

i ——
f;-(-if—n--l)(eﬂge”‘" +1 (54)

The quantity I, contains 6. (cf. equation (43)), and this can be
expressed in terms of °t=o’ e.g., for a mechanism of hydrogen evolution

+

H+ e, —:E-];?-‘-’-) Hads‘ anads -29-53)82 by means of the equation:
-7F
(Sp)t=o _ _%B_T-
T ~° (55)

If the cathodic overpotential during the cathodic polarization
before the application of the anodic pulse is i " then it can be shown
(Bockris and Devenathan, 1959) that:

K

N = + 0.1 (56)

where 77 is the minimm allowsble for the anodic overpotential in the
anodic pulse.

Further,
’y(an = 72 = erev,M (57)

vhere € v M is the reversible potential of the metal in the given solu-
J

; tion. Making the relevant substitution in (54), one obtains:
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(1) _”Z_(N Lo ( OM -(1 oJut 1001.0 " '( *r;)

[CWO (0 )J 10°+303Fe{8g), +1
o’an

(58)

I
The nature of the plot of it ageinst time for the cases I—H— > 1,

I an

-i-H— {1 are shown in Figs. 21 and 22 respectively. The area bcunded by
an

the exponential curve and the abscissae it

a measure of the dissolved atomic hydrogen (which is equivalent to the

=L in both Figs. 21 and 22 is

area under the curve).

To test whether the method would work for a particuler metal,
1 I 4 .1
; useful criterion is that T_ % 10 vhen i-a—n- >1, or i—;n-gi—d , vwhen
H <l, at an arbitrary time of 10 =2 sec. By fixing one of the vari-

ables (e ) '7 , t in equation (58) it is possible to express it—- in terms

I
an
of the remaining two in a three dimensional drawing. For a particular
i
metal the values of is— for suitable combinaticns of % end (gﬂ)o are
an

evaluated and the results may be plotted. Such a plot for nickel is

iy
shown in Fig. 23. The surface ABCIEF represents values of = I for any

an
combination of j and (GH)O, vhen 7 ranges from 0.15 - 1.00 v. and

(95) from 1073 . 1. The area ABF which lies belov the surface
(1t = f- (e ) 7]) glves values of % and (o ) , which fulfill the

| second ceriterion (i.e., it/i«m\ 10) and of course fixes “ne conditions

under which the method would give results.
Construction of three dimensional diagrams (such as that of Fig. 3,
R Report No. 3) showed that the following conditions exist for s

satisfactory ratio of 5"4—- for t < 1072 sec. (Table 5).

Tan

It can be seen from tanese theoretical results that even for

metals which appear to be possible very restrictive assumptions have to
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TABIE 5

EXAMINATION OF POTENTIOSTATIC MZTHOD

FOR EVALUATION CF ADSCRBED H

Ni

Cu

Fe

Au

vwhen {6_ ) = 0.89 « 1.0
§1/10 e
A

g ]

and 7 =0.15 - 0.26 v.

No values of (OH)o and 7? in chosen ranges, give

L L
e e
I‘m§1/1o or ¥ > 10

an
5‘..) 1/10 vhen (8.) =0and % = 0.15 - 0.48
I, 7 -H'o {
it>o hen (@) 0 - 1.0 and ¥ 0.15
v 1 when = - . an! . -
I, 7 q'o )?O.ka.

Svrmctvnas

be made for a successful application. Similar results appear likely

for other metals, and the chances of success with the potentiocstatic

method are therefore not good (principally because of the difficulty

of obtaining suitable (QH)O - 7? comvinstions in practical ranges).

19. EXAMINATION OF OTHER POSSIBLE METHODS (F MEASURING SURFACE COVERAGE

(A) Direct measurement of the Adsorbed Hydrogen by Transfer from a

continuous Rotating Wire Passing through Two Vessels

Consider a continuous wire which pesses through two vessels,

as shown in Fig. 24. Vessel A contains a solution in which the wire is

cathodically polarized. B is a vessel coztaining a sclution of identical

composition, initislly free from Hz. The wire is mwoved continuously




Aty

Lo,

Py W S VPP " | S Y Sy «a" P o e c MMha

PN VR, I oy I o) -
mauga A &3 D aBa ENVRKIY & CUATOIAMW YIVWTD PTL VAVl ¢ amaw

speod of passage of the wire is such that there is (a) enough time for
the wire to attain a stesdy state hydrogen evoluiion, and (b} insuf-
fLicient time for significant evaporwtion to occur hetwean the vessels

A aru B. The time to reach a steaudy state is given by the rige time

of the circuit, i.e., & CR; vhere C is the double lryer capacity and

R the differential resistance of the electrode reaction, i.e., 31/ 3'7,

uhereixioe for 7 > 20 mvs. The rise time at current den-

-2

sities of 107 amp. cm- " can thus be shown to be sbout 1w sec. If

the gap betweer the vesasels is 0.1 cms. the apeed of passage of the
vire has to be about 50 ft. sec.™t,

The orifices at D, Dl, E and El are prevented from spillage
by enclosing the arrangement in a cospartment with variable pressure.
At D and B, the wire passcs through & eapillary (or is subjected te
Jets of ua) vhich limits the amount: of electrolyte swept out to about
one thousand layers (see below).

The originaily Kgorree coapartment B, contains a Ag cathode and

sufficient Ag salt 80 that when the cathode is working Ag is deposited.

(B) Yariation of the Permeation Rate with Current Density

The variation of the eclectrolytic permention rate of E through
a metel with current density can lead to & knowledge of the mechanism
of the H, evolution reaction, and heuce qualitatively the coverage. The
correspoiding experimental data cen also be used to obtsin a quantitative
estimate of the covernge.

Censider electrochemical desorption tc be the slow step in the Hz

ok Fenrire T T
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evolution reaction. The relevant steps are (Bockris, 1954 ) :

.’
wA
MeH +em ==K -H (59)
o
ME + B ve” ER g o+ M (60)
B
vhere the k's are the appropriate rate constants. Let Vl, Va, V3 be

the rates of {59) in the forward direction, (59) in the backward

direction, and (€0) in the forverd direction respectively. Then:

-F
= T
v, =k L (1 -9) = = al(l - 9) (61)
' N
V, =k 0 e N F/2RT =8, 0 o
> - nF/2RT ]
V3 =k, 8, e i =a O (62)

-

aH+ is the astivity of H+ in solution in the double layer.

Assuming that the back reaction rate of {60) is negligible,

Vo=V, vy (64)
i.e.
al(l - @) = a, 0+ 8 e (65)
and
0 = o (€6)
al + 8.2 + 33

If (60) is the rate-determining step then:
a3 < &, +a, and a, > lOal

Gence,

6 = a/a, (67)

> /
ky o~ %F/2RT

= au*‘{;: . MF/EE (68)
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e =K 8t 12'2/3(ln o - 1n 1) (70)

Ine=C+2/3Ini (71)
* dne _2 ,

R i (72)

We make the assumpticn that the permeation rate is proportionsl
to the surface coverage. This basic assumption was proved explicitly
by Ward for HE diffusion through Cu from the gas phase. It appears to
be a reasonable assumption that either the surface reactior or the
bulk diffusion is the rate-determining step in the permeation process.

Thus, from these asswaptions and (72),

Po412/3 (73)

The Tafel slope which would be associated with (73) is:

an _ =2RT b

S 1n i ~ 3F T 3,303

= - 0.04 at 25°C (74)
In a similar way, the current dependence of permeation rate
for other possible mechanisms can be worked out. The results are
summarized in the table 6 below.
it can be seen from Table 6 that tke dependence of P on i,
together with the Tafel slope, diasti guishes smong mechanisus except B
and E. As the mechanism is sssociated with characteristis coverages,

information on O can thus be obtained.
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TARIE 6

PERMEATION OF EIECTROLYTIC H AS A FUNCTION OF CURRENT DENSITY

DEPENDENCE ON MECHANTSM

Slow Step Tafel Slope Pexmeation Qualitetive
at 25°C - Current Coverage
Relation

A .12 po(1l/2
Slow discharge

followed by rapid
ccmbinastion

<0.1

B
Siow discharge 0.12 P independeat <0.1
followad dy rapid of 1
electrochemical
derorption

c
Rapid discnarge 0.53
follovwed by slow
combiaetion
descrption

1/2
Pdi/ <0.1

D
Fast discharge 0.04
followed by slcw

electrochemicai
descrption (low potentials)

<0.1

E
Fast discharge followed
by sicw electrochemical
desorption (high potential)

P independent X211
of 1

The successful development of the low prcssure vacuum systems

and pressure measurement to 10710 mm, Bg wae followed by development

of techniques for the permeation measurements. During this work,
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higher pressure (1()‘7 mm. Hg) were used, and the metal wss SAE 1010
steel, In the course of this develcpment, it was found possible to

meke crude exploratory measurements with U, Ta, Ti, Cu, Ni.

20. TECHNIQUE QF EXPLOPATORY PERMEATICN MEASUREMENTS

(A} Vacuum System

The vacuum system congisted of a manifold 3 cm. diemetzr tube,
1.5 meter long, which could be evacuated to 107 m Hg. by a two stage
mercury diffusion pump, backed by a rotary c¢il puwp. The high pressure
siGe of the diffusicn pump is connected to a 5 1. bulb which could
be used as & fore pump instead of the rctary oil pump. Such & system
works well for long pericds so long as the pressure on the 5 1. bulb
remains at least a power cf ten less than the minirum pressure (0.1 mm
Hg) required to back the diffusion pump. (This eliminates pump wear. )
Pressures dowvn to 107! ms Hg on the manifcld were measured on & PH; 09
ionization gauge. Continuous evacuation of the manifold during tke
period of this work waas found to be necessary to avoid the peasibility

of readsorpticn of gases by the wells of the system, and by the grease.
(B) RElectrodes

The material under consideration was fabricuted in the form of
a disc 1.3 cm diameter, 0.5 me thickness which was silver soldered to
a Kovar tube of the same diameter. The tube was jolced to a Kovar glass
tube by a housekeeper seal, which was in turn joired to & pyrex glass
tube by a graded seal. The cathode assembly was tested for vacuum

t.ightness by incorporating it in s syster of spproximately 100 cec.
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capacity (A in Fig. (25)) which could be evacuated through a greased
vacuum stopcock. The pressure in the volume A was measured by a Stokes TP5
vecuum gauge. After several hours of evacuaticn. A was isclated from

the line, and the pressure was measured at five minute intervals. The
nature of the plot of p against t clearly indicates whether the pressure
increagse with time is due to a leak or 1o cuigassing of the walls of

the system. (A linear plot of p agsinst t indicates a leak). This can
be confirmed by enclosing the suspected area of the leak in an atmosphere
of H2 gas, which results in & sudder increased rate of change of p with t.
An expotential change of p with t indi~cates outgassing of the wallas.

The two types of behavior are shcwn in Pig. 26.

Electiricel contact with the disc is made with Pt wire wrapped round
the Kovar tube. The Kovar tube and Pt wire are coated with Apiezon wex
such that only the metal disc is available for contact with the soluticn.

Metals, such as Ti, Ta, and U, which are difficult to silver-
solder to Kovar metal, can be waxed directly to & glass tube. It was
fourd that the seal was able to withstand satisfactorily a vacuum of
1077 ms., Hg with practice. Before final connection of the electrodes
to the volume A, the internal surfaces were clesned mechenically by tae
use of an abrasive, and firally picklad in concentrated HCl, washed with
wvater, and then carefully dried. The external surtace of the metal disc

wves polished with fine emery paper just before use.
{(C) cell

The cell Fig. (25) consisted of 1 1. beaker to which haa been

attached &n anode compariment, and & cooling coil. The anode compartment

v ey
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was connected 0 the rest of the cell through two holes at the lower end.
The anode consisted of a piece of Pt foil 1 cm. square, which was con-
nected to an electrical circuit by e Pt lead. The electrclyte was sitrred
by a glass propeller. The Ha overpotential at the cathode was measured

against a saturated calomel electrode.
(D) Procedure

The electrode compartment A was assembled as degeribed in

section (B), and evacuated to 1077

mm. Hg for 24 hours. Tap T was

closed to isolate A from the line, and the pressure change at 5 min.
intervais recorded. If the rate of outgassing was negligibly small,

the cathode surface was polished, and the cell raised into position. The
cell was then filled with N/10 HC1 solution end the current is switched
on. FPressure readings are recorded at 2 min. intervals, until the steady
state permeation conditions have been attained. Experiments were carried
out over the current density range IO'h amp. em 2. At the lower current
densities, where there is littie evolution of hydrogen, vigorous agitation
of the electrolyte was necessary to facilitate the removal of gas bubbles
from the metal surface. At current densities between 0.5 and 1 amp. cm™@
there was a marted heating of the electrolyte. The temperature was kept
down by circuleting ice water through the ccoling ccil. The simple anode
compartment used in the cell described here was effective in removing

cathode depolarizetion.

"21l. RESULTS

In Fig. 27 is shown a typicsl plot of increasing 82 pressure as

recorded on the vacuum gauge on the electrode assembly A ir Fig. 25. Such
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Fig. 28 gives a summary of the permeation data for HQ on SAE 1010
steel, in 0.1 N K1 (without decontamination) as a function of current
dengity. The data comprise the results from some thirty-five independent
runs. The least square analysis shows:

log P
log I

In Fig. 29, similar data is summarized for P4 in O.1 N HC1l. The

= 0.52 + 0.07 (75)

least squares analysis shows:

%g-g—% = 0.6 + 0.04 (76)

Measurements of hydrogen overpoten:ial on Fe (Fig. 30) show an
exchange c.d. of 6.10'6 A. em.”? is in excellent agreement with the recent
measurements of D. F. A. Koch,

Figs. 31 and 32 give the p - t date for Ni and Cu; and Fig. 16
gives the change of pressure with time o1 the diffusion side after
charging Ta, Ti and U for some 4 hours. {Farameters, and derived diffu-
sion ccefficients are giver in Table 7.)

TABLE 7
VAILUE GF DIFFUSION COEFFICIEN?TS

s saan, o

Metal D {ca? sac‘l) Lit. values
< -6 6 . 2 ,
Fe 1.5 x 10 2 x 107 (Davis an3 Butler, 1958)
Pd 7.2 x 1077 2 x 200 (acrer, 1951)
Ri 7.6 x 1677




.

52

A sample calculation of p is given: the plot of p with time
shown in Fig. 27 was obtained for a cylindrical cathode (6.35 length,
1.3 cm diameter and 0.38 mm wall thickness) of 1010 steel immersed in
the electrolyte to a depth of 1 cm. Thus, the change in the number of

mcles of Ez in the electrode assembly A with time 1s given by

dn VvV a
ol X (17)

vhere T is the absolute temperature, R the gas constant and V the volume

g{- is the change of pressure in the

volume A with time in the steady state.

of electrode assembly A (Fig. 25).

The permeation rate P is given by

dn 1
Prxw=*a (78)

vhere 1 is the thickness, and a is the area of the electrode immersed
in the electrolyte.

Volume of secticn A in Fig. 25 = 109.7 cc

Aren of immersion = 6.1% sq. cm.

Slope = S}L/min.

£ = 300°C

1 1

R = 82.05 cal deg  mole”

Thickness = 0.38 mn.

Fermeation xute

p 108753 %1073 x 0.38
82,05 x 300 x 760 x 00 % 4.76

-10

= 0.18 x 10 pole mn sec™t cm™ (79)

In the contaminated sclutions used, Fig. 28 indicates that

i/e

P = iJ for SAE 1010 steel. Referecnce to Table 6 shrows thet this

vesult is consistent oply with a mechanism for the hydrogcn evolution
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reasction on Fe for 0.1 n HC1 of slow proton transfer followed by rapid
combinative desorption. This conclusion ‘ndicates qualitatively that

the coverage of adsorbed H on the metal is low (i.e., about one tenth).

22. INVESTIGATION OF PERMEATION UNDER HIGH PURITY CONDITIONS

It has been shown thet the rate of permeation of electrolytic

H through metals is highly sensitive to small traces of surface contam-

inants. It is therefore necessary to obtain a state in which the eiectrode

surface is "clean." This necessity arises not only because of the need to
make investigations in a standard state but slsc to find a '"zero position"
in the investigation of the effect of capillary active substances on the

perreation rate.

23. TECEMTQUE OF PERMEATICN EXPERIMENTS CARRIED OUT UNDER COYDITZIONS OF

HIGH PURITY

(A) Vacuum System

The vacuum system is subgtantially the same as that described in
(ONR Report No. 3).

(B) Electrodes

The two easential requiremeats (&) that the surface of the metal
mist be cleaned in H, at 60C° and (b) only the metal under investigation
should come into contact wiva the highly purified sclutionm.

Investigations were carried out on electrodzs fabriceted in the
form of a closed cylinder of the material (length 6 to 10 cx. diameter

0.7 cm. and wall thickness 0.038 em.). Connection of this electrode tube
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to the evacuable volure ©, Fig. 33, is made by a Kovar s=al, the vacuum
Joint being made with silver solder. Possible contamination nf the elec-
trolyte with Ni, Co, Ag and Cu from the Kovar and the silver solder is
mirimized by immersion of the lower end of the cylinderin the elactrolyts,
In tkis case it is only necessary to subject the and of the electrode
tube to high temperature Hz treatment, thus reducing the possidility of
breaskdown of the silver soldered joint. Vacuum testing of the electrode
assembly B (Fig. 33) is carried out in a similar manner to that described

in ONR Report No. 3. Electrical contact to the ¢lectrode tube is made

vith & nickel wire inside the tube at the silver soldered joint. The nickel

vire passes up the glass slide and is welded to & W wire vwhich is vacuum-

atically sealed through the glass buld (Fig. 33).
(C) The Cell

The considerations which resulted in the cell design described
below are:

(a) For purposes of determining the diagnostic criteria it is
necessary to have the peimesation rates at a mininnm of five values of the
current density. (b) For each measurement of the permeation rate at a
particular current density the electrode tube must be in the aame initial
standard state. (c) The electrode surface must be cleaned by reduction
in hydrogen at 800°C. (d) The electrode assemblies must be thoroughly
outgassed by contimuous evacuation for several hours. (e) Electrolysis
mst be carried out in highly purified solutioas. (f) Final purification

of the electrolyte by pre-electrolysis must be carried out in the cathode

compartment. (g) The volume of electrolyte must be kept down to a minium

to facilitate speedy purification.

v
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It emerges from these considerations that the cell must be provided
with at least five electrcde assemblies. An srrangamest, similar to the
standard type of electrelytic cell for studying the mechanism of the
hydrogen evolution reaction on metal wires was found to be imprscticel
because of the difficulty of producing a small enough csthode compartment
to house all the electrodes. As a result of this it was concluded in order
to fulfill condition (g) each electrode assembly should have a separate
cathode compartment. The possibility of seven such compartments having a
common anode compartment was considered, but was ruled out because of
overheating wuich wculd taeke place during simultaneous pre-electrolysis in
all of the seven cathode compartments. (Total current =2 10 amps) to
avoid the difficulty each cathode compartment was fitted with a separate
anode compartment.

A typical unit cell is depicted in ¥Fig. 33. Tae electrode
assenbly B is essentially the same as A in Fig. 25 {(WR Report No. 3). In
the upper positior the electrode tube is contained in a furnace, where the
high temperature hydrogen pretreatment can be carried out, and the buldb B
can be connected to a vacuum line. The height ¢ the eliectrode assembly can
be adjusted by a8 ground gless slide, and on disconnection from the vacuum
line can be moved to a lower position such that the tip of the electrode
tube reaches almost to the base of the cathode compartment. The cathode
compartment is provided with a pre-electrolysis electrode attached to a
ground glass slide so that it can be moved clear of the electrolyte. The
anode compartment is connected through a glass sintered disc and a ground
glass stopcock to the cathode compartment. Seven such unit cells are

banked together side by side as depicted in Fig. 34. The two outer

L D ARG 5 s
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cells are used for potential measurements against a seturated calomel
electrode which has & salt bridge of purified electrolyte terminating in
& Iuggin capillary. The height .f the electrolyte in the outer compart-
ment is adjusted so the tip of the Iuggin capillary is 1 mm. below the
level of the electrolyte. For the potential measurements the electrode
tube is lowered so that only the lower surface touches the gurface of the
electrolyte thus keeping the ohmic drop to a minimum. The initial prepa-
ration of HCl solution ias carried out in a separate vessel which is con-

nected to the cells by & menifcld.

24, PROCEDURE IN THE HIGH PURITY MEASUREMENTS

(&) Cleaning of Components

At the termination of each experiment, the entire cell sections,
ir their seven parts, were subject to emptying and washing with tap water,
with particular reference to the remcval of the previous solution from
the sintered discs. The cells were then immersed in the Beckmenn solution
and allowed to remain therein for iwo hours. A fresh Beckmann solution was
made up about every five runs.

After removing the Beckmann solution, the cells were washed with
& number of (about six) rinses of equilibrium water and then allowed to
stand in equilibrium water (filling the whole cell) overnight. There-
after, the cells were once more rinsed with six changes of conductance
water (conductivity 10~7 mhos cm'l) and preserved out of contact with air,

f£1lled with conductance water.

L N
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(B) Prevaration of the electrodes

Electrodes were mechanically polished, electropolished, and
then introduced into the H, atmosphere at 800°C, and maintained in this

for 20 minutes when they became bright.
(C) Procedure

At the commencement of the run, The hydrogen overpotential was
measured on two independent Fe electrodes in the compartments M and N
(Fig. 34) in order to establish the overpotential c.d. relation for the
glven condition of solution, etc.

Thereafter, the purified electrodes, after Hé treatment, were
lowered in the Hé atmosphere, into the electrolyte, ané electrolysis
commenced at a series of c.d.’'s. The lover limit of c.d. is set by the
rate of corrosion of Fe, the higher limit by the heating effeccs in the
sclution. The pressure increase with time was measured on the Stokes

TP 3 gauges. Measurements were carried out in parallel on five electrodes.

25. NEW TECHNIQUE FOR PERMEATION STUDIES

It was apparent in the above studies that the experimental tech-
nique of permeation into a vacuum was extraordinarily complex and exscting
in its demands. It was therefore essential to devise a simpler technique
of permeation measurements in order that it may be used in routine
measurements. The following purely electrochemical teckhnique was devised,
and tested vith palladium membranes before being applied o iron membrenes.

A study of the behavicr of electrolytic hydrogen in palliadium was necessary

for the following reasons. The &pplication of this electrochemical technique
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of meesuring the permeation rate in corrodible metals requires the use

of thin coetings of palladium. Consequently the diffusion behavior in
palladium nembrane had to be investigated first. Anomalies in the thick-
ness dependence of the permeation of hydrcgen through palladium have been
reportad {Wahlin and Nauamsnn 1953, Silberg and Bachman 1958). Hence it
is necessaxry to find out whether such anomalies exist with electrolytic
hydrogen in palledium. Further the easy permeation of hydrogen in pslla-
dium make this metal e first choice for verifying the diffusion formulae

deduced below.

26. THEORY OF THE NEV METEOD

(A) Diffusion Theory Relevant to the Method

Consider unit area of a membrane of thickness I and diffusicn
constant for hydrogen D (see Figure 35) where the diffusion is in the
direction of decreasing x. Let the concentration of hydrogen at x = O and
%X = L be maintained at Cl and 02 respectively. In the steady state the

through-put of hydrogen is given by

D(C, - C,)
P=D - —2—2 180)

For the non-s'uticnary state the general sclution of the Fick's law

equaticn

d¢ aec )
TV 5) =D 322 (i D is constant) (81) -

lo

3
3

ot
[ ¥ %

for this problem is
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(02(»08 nfl - Cl) Dn2 2t
nnl L
yo T ( _ D(2m + 1f T3t
o 1 om + 1) x 2
+"fr"g [(Zn+ 1) 8in T, e (82)

vhere C <t is the concentration at any point x at time t, and C o is the
initial ccnstant concentration of hydrogen in the membrane., On dropping
the term in C o for membranes initially free of hydrogen, differentiating

with respect to x and multiplying by D, the equation obtained is

p(C,, - C.) = 2,2
de 2 1 2D -% Dn t
D(ai.)t = .........L...._._.. + ..i.;. = (Cacos ol - Cl)e@ (- ——I:-e-_....) cos E_Irl

L
(83)
For the plane x = O (83) ylelds
D(ca - cl) op - Dn227r i
P(x:o)’s'—_"_l_f“"'—fz (c2 cos nfl - C,) e L
n=1 (84)

vhere P(x:o)t ia the permeation rate at x=o0 times t. In the steady

state, t -» @, the exponential term is zero and reduces to

p(c, -¢C.)
Plxolty = T (85)

Similarly for the plane x = L (83) gives
D(C
2
P(sz,)t + T Z (C cos nTl - C, Jexp(- Do 1721:) cos nT
(86)

vhich for t =) 00 becomes




p{c, ~ )
A - (87)
(Xﬂ;}tw . L S i

The diffusion constant, D, way be evaluated from permeatvion transients
in the following ways:

(1) ‘rime lsg method

This is the method used hitherto, when only the quantity of
t
hydrogen permeating was measursble as a function of time, i.e. f P(x::o )tdt
S}

which is denoted Q.. For this purpose integration of (84) from o to ¢

yields
2
6]
i D(C2 -C == (C, cos nw -C;) Y-
o —H—--% (1. (88)
n=1

It is well known that the intercept Tlag (time lag) on the time axis of a
Qb -~ t plot for large t is given by

2
1
Tiog =%

(89)
When C, >> C, this yields thus permitting the calculation of D. Formula

(89) has been extensively used, but as we shall show elsewhere & correc~

tion to the experimentally determined time lag ia required in order to
apply (89).

(2) Rise time constant

When the permesticr rate can be contimuously recorded, the dif-

fusion' constant can be calculated as follows.

From equations {84) and
(85) the following is cbtained.

n=w - Dn——--—-—--e “§'2t
/Py - P 2 17
'-.\T x=0 Co-C; (G cos 2T - €y) e (50)
n=1

For Cy> C, (90) reduces to

[T ——,
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_Dn°T%t
R —
ry n -
(L) =2 ?o (-1y e ¥ (32)
w X=0 nal
o2 72
on substituting 1/t  for -—;—2‘-— , apd expanding (91) the series form (92)
is obtained
t bt gt
P, -P “ - o= -2
(tP oo) aa[-e “°+et°-et°-~--] (92)
e o) X=0
This may be written az:
M- 3t 8t Tt
Py - Py ' t t £
(Pog )xsoaanl-e + e -~ -=-le {93)

The term within the brackets is indeterminate vhen t=0 for it could be
unity or zero, depending on whethe: an ©dd n or even n is considered. Omn

taking logarithms.

o]

r _3t 8t
(I_JE_.:_P:‘E. ¢ E‘;,---]
P

(s%)

The log of the term within the brackets, though indeterminste at t=o0,
P, -P
vapidiy becomes zero at i increases. Hence a plot of log t °°)
e’ Foo X=0
versus t yields as gradient 1/to ané intercept log, 2. Thus from the

gradient of this graph D can be calculated; using the formmla

DI

gradient = % . 5 (95)

(3) Time lag from -ise transient

The time lag is obtained by & linear extraspoliation of the Q
¥8 T plot when % is large, 1.2. after steidy state has been established

{potat A of Pignre 15). Therefore the time lag ';'1a3 given by cquation

——— e v——— ¢ ———— e 5 AN - S s e NSO ST NI ST EAA AT RAARADY 3 - B -
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(89) representis the time at which the diffusion process (if it could
proceed always at steady state value) should start in order that the amount
periteating will be the same as that for the ordinary diffusion process

in the steady state for large t. An inspection of figure 36 shows that
this time is that which mekes the ares of the rectangle ABCD equal to
that under the rise curve OECI’. That is, the ‘vertically hatched area

EBF 'should be equal to the horizontally hatched region EAG. Equation
(9%4) shows that for b » o the rise of the permeation is approximately
exponential since the term [;l - e-at/t° + e-8t/to --- -.] rapidly
reaches unity et for t > o. It is easy to show that for an exponential
curve of time constant oy this point E corresponds to a permeation rate
of 0.629S times tke steady state value. Thus the interval from zero time
to the time the permeation rate is 0.6299 times the steady state value is

Tlag' Hence .

I
T1ag = 8D = *0.6299 (%6)

(4) Break through time ty,

For an exponential curve the time taken to obtain ©.6299 times
the stesdy state value is the time constant. Hence, if %, represents
the time at which the permeation rate begins to rise fro~ zero, the

connection between these quantities as shown by Figure (36) is

Trag = B * b (97)

Therefore fronm tb the diffusion constant can alsy be obtained with the

formlsa

81 12
tb T (g - Tre) =D 15.3 (98)
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(5) Decay time constent

Equation (82) is the general solution when an initially uniform
concentration exists in the membrane. If the concepntrstion were some

function of x in the membrane, the general solution is given by

n=0 {C, cos n¥ - C.) 2,2
- x 2 2 1 Dn~Mt nTx
C=¢C, + (02 Cl) Tty 5 exp{ - """""""‘Le ) siu T
Dl
: 2;-'2 L
Dn'ii ¢t t
s 2 § exp(- o) sin BEX (1) g1 BLEL g (99)
L L -
o= 0
Where Ca-C1 at x = 0 for 8il1l t

c :Ceatle.forallt
C=f(z)at t =0 for 0 x<L
I2 the steady state hae been estebiished in a membrene initislly
free of hydrogen, then the concerntration gradient is iinear. and the
concentration is cl at x=0 and 82 &t x=i,. If now the source of hydrogen
is suddenly storped and the time reckoned from this point, it follows

that the initial distribution functicn required in the second term of
equaticn (99) is simply

(Cy - Cy)x '
1 ~ oCX
¥ +C, = £ {100)

£(x') =

since C, 0. The decay of the permeation &t xxo mey then be described
by equation (92} with tiae boundezy ccnditions
CrnCyZvat xno forall t
Caﬁeabata‘.thora)&t

AY L7

cgr(x}c"“%-'attnororﬁ(x’(L
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Under these conditions, (99) reduces to

o 1P 252 L ,
C == exp (_ D-P..____t.) gin EJ.T_E ax'! sin n—LTi_ dx!? (101)
L 5 12 L L
o

1
vhere & = 9.!:.. .

Integration by parts of {101) yields

5 n=Co Dnz 21; " L L ™~
o | t 2
C = .I-‘ Z exp (- LG— ) Sin n'_-ul-‘; ( i:' ﬁ-—l-‘- cos m-‘l & fcosnﬁx )(

where the last term is zerc. Substituting for the limits, differentiating

with respect to x and multiplying by D, we get for the permeaticn at x=0

} Do 2t
n+l 12
wa’t = 2aD P (-1} e (103)
. 12 )
Using the symbol t_ for 57z o8 before and expanding (103) may be written
as
P - 20 oo (1 - &%, Bt | |y (ou)

x=0,%

For t=0, let the permeation be P(x =0 Jt=0" Por reasons already given
only the £irst term of the geries is important and hence (10%) can be

transfcrmed into the simple exponentizl decey form

Prat,t = P(x:-o)tao e (105)

Hence a plot «f log, (%)xw

sgainst time hes a gradient 1/t o 8nd thus
the dilrusion <onctant can ve calculated from the decay time constant
with the aid of equation {95). The sbove analysis shows that the diffusion
constant aay be evalested oy five different methods when transients can be

>ésordad.
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(B) Formulae for the Determination of Coverage

When the above equations are to be used difficulties arise, for
the concentrations Cl and C2 refer to the concentrations within the
wembrane at x = 0 and x = L whereas only the concentrations ocutside
the membrane are amensble to control. As shown by Barrer (1939; and Ash
and Barrer (1960) large discontinuities in concentration exist at phase
boundaries and these have to be considered in the application of these
formulae to real systems. A detailed analysis of this prcblem has been
given by Barrer {1959) and what we give here is a simpie treatment sdapted
for the electrochemical systems which interest us.

Consider the szame membrane but let some electrochemical reaction
produce a steedy state coverage with adsorbed atomic hydrogen GH av the
interface at x = L. 1et the opposite interface at x = 0 be maintained at
some anodic potential sufficient to cause rapid ionization of any hydrogen
avoms on the surface, thereby producing & steady coverage of zero. Lat
the rate constant for the transfer of hydrogen from the surface into the

s ~-rb b—=s
metal be k and for the rsverse process, Xk . In the absence of
any diffusion process within the membrane, let the equilibrium concen-
tration of hydrogen in the metal gt x = L be Ce. This equilibrium is

represented by the eguation

8 b b9 s
X 6. .= k¥ ¢ (206>

K e
when QH is small, and C e is mach less than the sataratior conceatration
Cge IL due to a diffusion process within the membrsne, the concen-
tration at x = ¢ is altered from Ce G cz, <hen *he pexmesation of

hydrogen into the menbrane is given by

.o —— . e - LIS P - ~ -

‘?f
).z !‘




b=s b->»s
k ¢ - X ¢)=P {107)

{
: e

For steady state diffusion within the membrane, the concentration
gradient is uniform, and if the concentration in the membrane at x = o

is ¢ N the rate of permeation ig¢ given by

»(c, - C,)
L
At the interface at X = o0 the egquilibrium is

= P (103)

b-2 s
kK €, =P (199)
From (106), (107), (108} and {109) the following eguation is ottained:
D —p6
1 L k 2 -
F=H 535t 53¢ (210)
k k @
.
The gradieat of & plot of i-:- ageinst L is given by
b8
k
k DO
ané its intercept by
2
Is= 3 -'fb (112)
k €
The minimm values of g and I are reached with @ — i, hence
b~>s
k
gm = 3—b (113)
k D
and
= 2 >
In = 55% (114)
k

Hence @ can be calculated using the equation

B il et
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e=2 i (115)

g T (115)

Ia the above deduction it has dbeen amsumed that diffusion is the rate
5=b b=>p

controlling process, i.e., Xk , K I. Under ihese conditions,

the formulse pravicusly deduced for the evaluation of D epply, and hence
D can be cbtained independently. fTherefore, with the aid of {113) and
{114} dboth rste constants can be evaluated with a knowledge of D obtained
fron an spnalysis of thae transients. When diffusion is rate controlling,
the permeation rate will depend cn the thickness of the mesbrane used
8 =>D b-ps8

according to equation (80}, When % and k are both smeller than
D, then, the surface reaction is rate controlling. In this case ithe
permeation rate will be independent of the thickness of the membrane.

In the event of it being impossible tc realize a surface com-

plately coversd with atomic hydroger (i.e. = 1) but only one of a

GH
eextsin paximum coversge QH, then equation (115) gives the coverage &s
a fraction of this meximum coverage only. An independent determination
of the absoliute coverage at ope point will then enable the calculation

of the sbsoclute coverage et all potentisls.

27. FRINCIPIZE (F THEE METHOD

Diffusion thecry requires that the coverage of the membrene
with adsorbed atomic hydrogen on one side be masintaineG at a certain
fixed level, vwhile on the cppusite side it should be slways zero. These
conditions are easily satisifed by cathodic polarization of one side
and anodic polarizsation c¢f the opposite side using potentiostatic cir-
cuive. The simplioity of this technique is due to the fact that the

current in the ancdie potentiostatic circuit which maintains zem

[ T e




coverage on one side of the membrane, is by Faraday's Laws a direct
measure of the instantaneous rate of permeation of hydrogen. It is
thus possible to obtain a continuouz record of the instantaneous rate
of permeation of hydrogen with all the sensitivity associated with
current messurement. Thus with a current recorder of sensitivity 0.003
JLAfwm. cormonly used in polarographs in the anodic circuit, and a
membrane of one square centimeter area, a vermeation rate of 3 x 1o'lh
gram atoms per secondor 3 x 10°9 ml. of hydrogen per second can be
detected. The sensitivity of this method reveals details in the per-
meation not detectable by previous methods especially with metals

susceptible to hydrogen embrittlement, as we shall show in a later

commnication.

28. EXPERIMENTAL

() gell

The electrochemical cell used is shown diagramaatically in
figure 37. It consisted of two identical units terminating in standard
half inch pyrex pipe flanges. ZEach flange carried its teflon gasket
with the side facing the membrane polished flat. The assembly was then
bolted on with the membrane in between the gaskets. The "give" of the
gaskets ensured a water tight seal with the thickest membranes used.
Each unit carried & bright platinum auxiliary electrode and a Iuggin
capillary-calomel reference electrode system as shown in Figure 37.
Facilities for bubbling nitrogen were also provided. The combination
of float and sintered disc shown in the figure isolated the auxilisry

electrode without increasing the electrical resistance appreciably.

o
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Pallsdium membranes of various thicknesses were obtained from
E. Bishop & Co. They vere degreased with benzene in a Soxhlet extractor
before use.

Sodium hydroxide solutions were prepared from Baker Analytical
Reagent grade pellets with conductivity water. The solutioas were pre-
electrolysed in an external c2ll before admission into the cell.

Nitrogen \t.s deoxygenated by ective copper and passed through
cocoled charcoal traps before admission into the cell. Standard proce-

dures weve used in cleaning the cell and suxiliary glassware.

(C) Electrical Circuit

This is shown in figure 38. The cathodic polarization was effected
by a Wenking electronic potentiostat and the current read on the ammeter
of the instrument. When necessary the output of tie instrument was
fed to a Sargent S. R. recorder to monitor the caiuodic polerization
currernt. The anodic circuit was simi.ar but the potentiostst output
was fed to a Sargent XXI polarograph with its bridge set at zero. This
enabled the wide sensitivity range control of the polarograph to be used
to record the current on s suitable scale. Small residual currents could

also be opposed with the zero shifting control of the polarcgraph.
(D) Prccedure

A 0.1 N. solution of sodium hydroxide pre-electrolysed for 24
hours in a separate cell, was admitted into both compartments. The

solution in each compartment was again pre-electrolysed for a further




T0

reriod of 1-1/2 hours with the system of suxiliary electirodes waile
nitrogen was being bubbled on both sides to promote stirring. Cathodic
polarization was then commenced st a potential corresponding to a
cathodic current density of lﬂ“h £ cm™@. The apodic potential applied to
the membrane was then varied over & wide range sud the steady values of
the anodic current measured. A plot of anodic current sgainst the
applied potential with respect to the ssturated calomel electrode re-
vealed & plateau between -6C0 mv and -300 mv. In order to ensure rapid
ijonization of the hydrogen the anodic potentiostat was set &t the
highest permissible anodic potential namely -300 mv on the calcmel
scale for all subsequent experiments.

The cathodic polarizeticn potential was next set also to -300
mv thus ensuring the complete absence of hydrogen and the emall residusl
current in the anodic circuit compensgated by means of the zero eghift.
The cathodic potential was nov switched from -300 mv to a fixed value
of -850 mv on the calomel scale which resulted in cathodic polarization
of the palladium to & current density of about 10™° amps. am 2. The
instant of switch-on was marked on the recorder chart. The errival of
the first traces of hydrogen on the anodic side of the membrane was
registered by the rucorder as an increase in the current. This current
continued to increase and reached the steady value. Several minutes
after steady stete had been reached the cathodic polurization was
switched back to -300 mv thus stopping the production of electrolytic
hydrogen. The recorder thereupon showed & decrease in the current which

soon decayed to zero after some time. Reproducibility was very good

wiaen precautions were taken to avoid contsmination by traces of surfactants.
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In this manner records were obtained for various thicknesses of
valladium maintaining the same polarization conditions. Several runs
vere carried out focr each thickness. All experiments were made at roon

temperature which was 25 + 2°C.

29. RESUIDS

Figura 39 shows a draving of & typleal record. Starting from
zero time the point marked t,, represents the breakthxough time. The
time required for the permeation to reach 0.6299 times the steady s.ate

value is marked TL’ since as previously shown it is alsoc the time lag.

30. CAICULATIONS

The diPfusion formulae previously deduced (Devanathan 1961, 196Z)

were verified as follows.

(4) Time Constants

P -P
According to equation (94) = plot of log (-—%—-—-@-) versus time
00 :
sbould yield a straight iine of gradient =, where t is P zor
o w

the rising tranzient. Similarly for the decay transient accoxding to
Pt
equation {105), a plot of lcg ( P'E") versus time should give the same
o X=0
slope. Iu figure 40 a typilcal plot is shown, for the rise and devay
transients. The straight lines are psrallel indicating the indentity of
their gradients. This identity has not been previously demonstrated. At
large times the gecay rate is somewhat different. This is due to the
fact that when the cathodic potential is svitcued frvmm -950 mV i{¢ ~-300 mV,

anodic dissolution occurs on both sides. Eence wiih timce the Zinear
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concentration profile which existed at the early stages of the decsy
will be altered by additional diffusion to the originally cathodic
side. The decay formula will therefore not apply for long times.
Frank ernd Thomas (1960) obtained continuous records of the permestion
of gaseous hydroger through cylindrical single crystal germanium, but
uged the classical time lag plot for the rise transient, while using

a logarithmic plot for the decay transient.

(8) Intercepts and Relaxation Time

According to equation (105) the logarithmic plot has a zero
intercept, but figures 39 and 40 show that even vhen the cathodic
potential is switched to a potential representing zero coverage, the
permeation current continues et its steady value, for a period of time
maxrked tr, and only then does it start to decey. The reason for this
behavior is clear when one considers the derivation of thesge diffusion
equatlons, a1l of which refer to concentrations within the membrane
end not surface conzentrstions on the membranes. Whan the potentiostat
is switcied to a different potentiel, the surface coversge charges 1a &
time interval of the order of microsecords. But the conceatration of
hydrogen Just inside the surface will require a much longer time for
adjustment to a value c.rresponding to equilibrium wit:k the new surface
coverage. This time of relaxation can be regarded as due to finite
rate constant for the transfer of hydrogen atoms from the surface into
the metal phase. Hovever; why this relaxstion time is thickness depen-
dert according vo an approximately cubic law, &8 will be shown iater, 1s

not clesr. Thils esppears to0 be general phenomena, and has alsc deen

s T
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obgeyrved in dscay trangiente for gasenus diffusion by Frank and Thomas
(1960). Since the equations apply oialy to membrane concentrations,

it is reasonsble to subtract, tr from the switch-cn time and the switch-
off time, to obtain the transients on & time scale which refexs to
concentrztions in the membranc. When this ie done it is found that
equations (105 and (Gh) are cbeyed with respect of the intercepts,

2 or 0.301 respectively. Tbhis cau he

0
seen in figure LO where the ot rected time scale is shown as the dashed

which shouid be zero aad ldgl

line while the electrica’ time scale is shown as a4 continuous line.

(C) Time lag T)

The c¢lassicel method {Daynes 1920, Ba-rer 1932) of obtaiaing

the diffusion constant is by evaluating the time lsz. 'This was done by

integration of the rising transient. As shown previously (Devanathan i$51,

16562) the same value can be readily obtalred by spotting the time &t
which the pexrmeation is 0.6290 times the steady state value. When the
time lag was evaluated by hoth methods the egreement was always within
2%. Hovever the time lag cbtained by either method will be im error

by en amount equal o the reiaxation time. Thus particularly for
larger thicknesses, the diffusion constant was as much as 20% smaller
than the value calculated from the time constant t,. But vhen & correc-
tion was made for the relaxstion time agreement was very good, as showm

in Table 8.




TABLE 8

Thick.- T t % % Wy P N, D Dp prise jdecas
ness % ° ° v (corr.) (corr.) P.»o T % {corr. ) %o s
cm. 1 ~_ i1 ~~ 3
gec. HOI.N gm m@ﬂiu.
0.005% 12.5 36.5 23,3 25.4 .- 8.5 -6, 30.0 1.58 1.38 ———— 1..68 1.31 1.97
0.01h4 115.6 339.7 180.3 139.8 37.0 78.6 302.7 1.11 0.96 1.63 1.08 1.10 1.42
0.021 238.3 563.5 271.0 279.7 81.3 157.0 4B2.2 1.21 1.30 1.84 1.52 1.65 1.60
0.027 433 1159 678.7 552.7 177.1 256.0 981.9 1.10 1.05 1.86 1.2k 1.09 1.34
0.039 1019 2415 1264 1195 483.0 536.0 1932 0.97 1.05 1.85 231 1.22 1.29
0.051 1906 4sho 1678 1965 1050 85C0.0 3490 0.89 0.96 2.00 1.24 1.57 1.34
1.06 1.12 1..84 1.36 1.32 1,37
Average + 0,20 + 0.20 + 0.20 + 0.30 + 0.20 + 0.15
D Yrom the slopes of plots ad.‘ t and T, against bm found graphically 1.88 1.25 .27 .27
° from the Fig. ki,
-7

Mean value for D 1.30 + 0.20 x 10

1l
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(D) Breskthrough Time, ty

Since the time lag is the sum of the bresktbrough time tb end
the time constant to as snown previously, & similsr correction lkas to
be made in the breskthrough time in order to obtain concordant values.
In Table 8, the correcied and uncerrected breakthrough times are compaered
with t . The consistency of the results proves the valldity of the
diffusion equations previously deduced for these trancients. Since tb
is the smallest value measured, it is more subject to error in subtracting
the time of relaxation. Hence in the finsl value for the diffusion
congtant, only the tire lag and the rise and decay time constants have

been uged in obtaining the mean.

(E) Thickness Dependence

In the derivation of these equations, it has been assumed that
the permeation is controlled by diffusion in the bulk of the metal. Iif
this is so, then the diffusion constant should be independent of thickness.

2

This can be easily verified by plotting T, , or to against L~. Straight

lag

lines of gradient 1 and —3=-should be obtained. Sucn plots sre snown in
& " &2

figure 41. The points, which cover a thickness range of 0.0035 to 0.055 cm

corresponding to an L2 veriation by a factor of 250, fall clearly on

straight lines paseing through the origin. This provides concluuivs

proof for the first time thet the diffusion constant is indeed indepen-

dent of the thickness under ron-stationary coniiticns. The points for

the uncorrected time lag fall on a straight line for small thickness and

then curve away as the thickness is increased {see also Table 8).
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(F) Vaxistiou of Promeation

for ateady state permeation. even though the diffusion constant
15 independent nf thicknscs, tre permeatiou aate could echerge irregularly
if tha covercge of the nathodic side of tae membrane znanzes for any
caus2: e.g., ad=sorption of impurities. Accoxding to the simple theory
developed the a plot of i againet the thickress should he a straight
line. Such & plot is shown in Figure 42. The points are nlearly seen
to be cn & streight line. Tue irtercept as shown previcusly is reisted
to the rate constant for the transfer of hydrogen fiow the sarface to

the bulk of the metel.

(6} Diftusion Constant

The ran diffusion sonstant caleclated from the uncorrected time

3

lag points in figure %1 was found to te gbout 1.0F x 1077 cm? sec — wnile

tnat {roa the corrscted “iwe lag wes 1.25 x 1677 cnf gec™. Fron the
gradient of the t  line tae diffusion constant wac 1.27 = 10"7 ot zee”t,
in hermony w th the corrected time lag veiue. The data of Fyank and
Thomas {’360) vresented in Figure %1 of their paper sls: shows a consider-
able difference between the clsgsical time lag and the decay transient
diffusion constant. But they coaputed the rean of these two gets of
values without applying s correction for the relaxaticn time., Thus it
appeara that the clsssical time lag method may be in error depending on
the ratic of the time of relaxetion to the true time lag. This aspect

is further discussed, lalex in this peper.

The mean velue for the diffasion constant for hydrcgen in

of -paliadium at room temperature can thersfore be taken as 1.30 + .20
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methods have been discussed by Barrer (1941) and the best value calcuiated

for 25°C 18 1.56 x 1077 cn® sec™! in good agreement with our result.
31. DISCUSSION

(A} Consistency of the Results

The consistency of the results in respect of the various methods
of calculation of the diffusion constant from the recorder traces chows
that the equations previously deduced are correct. Th« fact that the
time lag 1s directly proportional to the square of the thickress shows
that the quantity being measured is the diffusion constant of hydrogen
in the bulk of the metal. The linesr variation of the reciprneal of the
permeation with thickness thea shows that the surface coversge is constaat
and that transport processes across the surfeces are not rate ccatcolling.
Tnis consistent behavior of electrolytic hydrogen is in contrast to
the behavior of gaseous hydrogen vhen diffusing through palladium
menbranes. As is well known despite the variety of methods used to
measure the diffusion constants in palisdium, no concordant values sre
reported in the literature (Barrer 1941). Furthermore the permeation
has not been found to be inversely proportional to the thickness
(Wahlin and Naumann, 1953) nor has it followed the expected pl/ 2 law for

diffusion from the gas phase {Silberg and Bachman 1958).

(B) Aromalies in Diffusion

It is unlikely that the diffusing species at rcom temperaturee

is different from that in the range 206-600°C which is the usual range for
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studies of diffusion fron the gas phese., It 18 genercily accepied that
gaseous hydrogen dissociates into atoms on adsorption. Hence the mi-
greting species wast be same vhether the hydrogen atomr are produced
electrolytizally or fron mole:ulay hydwngei:. Toe ~nomalous oeheavisr
reported for ite diffucion of hydrogen must therefore ayise fiom 3 fall-
vre of the exprerimental set ur te msintain conditions required by thecxy.
frovided the diffusion constany is invarisny, the permeation should be
directly depeudent on the surface coverage with ctomic hydrogen e shown
przviously. But tne possidilizy of sltersziion cf surface coverage, {rim
experiment *o experiment due to sdsorption of trace impurities in diffusion
studies, rannct be excluded. In our experiments, the use of potentio-
statc and purilied solutions ig 2 simple method of maintarning coastant
coverage, ani it is probedly this one fuct which has led to consistent

results.

{C} Pon-stoichiometric Phase Formetion

Qnsz significant difie¢rence in the two methods is in the extent
of hydrcgen sveorption during the experiment. At the cathodic potentials

2 op only 10710

used the current density was asbout 1077 amps cm” gram atoms
of hydrogen per sacond. Evsn during an experiment lasting an hour the
total quancity of hydrogen produced will bz cnly about lOﬁ’6 gran atoms.
This quantity is insignificant compared tc the number of gram atcws: of
palladium in the thinnest membranes used. Thus the palladium nembranes
cannot absorb hydrogen in significent amounts to form any ﬁi-pheses. But
with gas phase diffusion stulieg it is very likely that a hydrogzn rich

B -phase forms. The movement of Auck concentraticn discontuities may
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than aceount for the anomalous diffusion behavior as sucgested by Agh
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gaseous bydrogen by pessiig hydrogeax gas iunto the dry cathode polari-
zation unit gave very large currents. Whenever the permeatlon currents
vere large the ancdic z:ide of the palladium showed a tendency to passi-

vate with formation of visible cxide films. The current time curves,

nevertheless were of the same type given im figure 39. A calculation of the

diffusior constent gave values vhich were as low as 0.02 x 10-7 cm? sec —

for membrancs of thickness 0.0035 am graduslly rising to asbout 0.58 x
107 cm® sec™! to membrenes of thickness 0.0l cm. Although no sys-
tematic experiments were carried cut on gas pnase diffusion the trend
suggests that witk thia membranes significant emounts of‘P -phase with
8 presumably smaller diffusion constant are formed thus leading to
anomalies., Norberg (1952) found a diffusion constant about one-tenth
smaller than our values, in paliadium wires charged with hydrogen
thereby forming presumably a.f3- phase. This result would tend to con-
Tirm our date with hydrogen rich palladium. However the formation of
visitle oxide films on the anodic side of the membrane suggests that
perhaps this film is respensidble for reducing the apparent diffusion
constant. Hence our results carmot be regarded as giving unambiguous
support to the view that the diffusion constants in o{ and f3 palladium
a~e different. On the contrary the ~greement of our results with the
extrapolated values from high temperature measurements seem to suggest
that both of and §3 forms may have the same diffusion constant desrite

the difference in hydrogen content.

. e ~BSEE S tara TR W W Gl T P B B e




t

!

80

The results which we have obtained for the permeation of elec-
trolytic hydrogen are; in cuntrast to permeation fror. the gas phase, con-
sistent in the dependence on the thickness. The linearity of the to and

T, versus L? and the %.versus L plots shows that the criteria for non-

L

stationary and steady state diffusicn are satisfied. Hence we can
conclude that for small cathodic current densities no Fnghase moving
boundaries are produced, and that the diffusion constant obtained is

that for the hydrogen poor X -palladium.

(D) Errors in Classical Time lag Method

Jt appears that measurements based on the time lag method may
be in error to sbout 15% in the absence of asny correction for the
relaxation time. As already shown relaxation times are easily measured
when 8 continuous record of the permeation is made. Our results on
thickness variation show that the relaxation times increase approxi-
mately as the cube of the thickness of the membrane. Thus a spurious
thickness dependence will be noticed in the de“ermination of diffusion
constant by the classical time lag method. The reason for the variation
of tke time of relaxation with thickness is not easy to explain. One
should expect this to be e constant if indeed it represcuts the time
required for the concentration in the membrane to adjust itself to
equilibrium with the surfece coverage, and hence the explanation
advanced earlier must be regarded as inadequate. The correcticn never-
theless is important for the celculation of the time lag and must be
applied in this empiricel way in order to get resulte concordant with

the rise and decay time constants.
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Frank and Thomes' {1960) results (Figure 41) for the temperature

2mALd Ant
v

dependence indicate that the time of relaxation mey also be temperature

4]

dependent to a different degree from the diffusion constant. Thus

the decay constant points (to) seem 1o be less temperature dependent
than the time lag points. It therefore appears that the time lag method
may also give rise to a spurious temperature dependence of the diffusion
constant. In view of these drawbacks in the time lag method it seems
necessary to apply this continuous recording method in order to study
the diffusion of hydrogen in metals. It will then be possible to apply
a correction for the time of relaxation in the time lag, in the manner
described, or the rise and decay transients can be used without any

correction.

32. EXPERIMENTS WITH ARMCO IRON MEMBRANES

(A) Permeation Measurenments

Details of the cell =nd auxiliary apparatus used in these experi-

ments have already been descrited (Devanathan and Stachurski, in press).
For these investigatiors Armco iron sheets prepared in the following way
wvere used. Sheets of various thickness were degreased in benzene and
treated to 700°C in an atmosphere of pure hydrogen and allowed to enneal.
The membranes were then mounted in the cell as described elsevhere
(Devanathan and Stachurski, in press). The anodic compartment contained
N NaOH and to reduce the possibility of passivation, this side was
coated with a thin electrodeposit of paliadium. This thin coating did

{ ) not materislly affect the rate of permeation of atomic hydrogen which

was rate conmtrolled only in the iron membrane (Devanathan (1961).
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Attention was paid to purification of the solution aad pre-
electrolysis was carried out in an external cell, before admitting the
solution in to the cell. In the permeation studies, the transients
were recorded as described earlier for various cathodic potentisls and

various thicknesses of the membrzne.

(B) Capacity Determinations

The capacity of the iron electzode at various potentials was
measured by using single sweep galvanostatic cathodic pulses. The
electrode was polarised at a low cathodic current density asbout 1072

2 with a simple galvaaostatic circult consisting of two decade

amp cm-
pover resistors in series anl a 120 v dry battery (Figure 43). Across
one decade box a fast rise time mercury relay was connected so that on
closing the contacts the decade resistance box was shorted. Thus, it
was possible to obtain a rapid change of current density from a low
value to the required high value. The attendent change in potential
nmeesured with respect to calomel reference electrode was registered
by a Tektronix 535 A oscilloscope with & type D preasmplifier. The
trace was recorded on polaroid #6-C film with a Tektronix C12 camera.
Calculations were made from tracings on graph paper at a magnification
of 4 per cm of oscilloscope screen. The electrolyte solutions used
were sulphuric acid, sodium hydroxide and acetate buffer sclutiocns.

All meagurements were carried out at room temperature which was about

25 + 2°¢.
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33. RESULTS AND DISCUSSION

(A) Ancmalies in the Permeation

A typical permeation transient is shown in Figure 4L, As shown
elsevhere the diffusion constant can be calculated from this curve in
as many ae five d1fferent ways (Devanathan, 1961, 1962). Since the
identity of the diffusion constant evaluated by the various methods has
already been estabilzhad, we have calculated D by messuring the time
tekea for the permeastion to reach 0.5299 of its limiting value. Thus
time 3o the zame 25 the clessicel time lag related to the diffusion

constant ny

?“}‘-0.5299 Pe = Tlag = ;;-5 (116)

Hence a p1dot of Tpp gocq ¥ s, 77 gionld ke a stralight lice vhatever
the catkodic polaxizstion ocnditions. Suck & plot is showu in Figu-e 45,
and thes linearity iz prof of the constuncy of the Jiffusion ronstant.

4 sumeyy of these determinstvionia for varicus thicknesses is prysented

in Table 9. In tce first place wo way note that the diffusion cynetant

is independent &f thickness. Sevyzsl investigators lLave osported a
variation of the disYusion constarnt with thickness, when calcuiated accord-
l0g To the claasical time lag wsthod. Thus Felezewska and Rataejezyx (1961)
find that for difiusion from the gas phasc the difrfusion constant incressas
rom about 3.8 x 2077 cn sec) for Azmco irva mewbranes of thickness

0.02 o tc about 3.1 x 1670 cm2 gec”® for a thickness of 0.12 ca. They
concluded t%8% above a thickcess of about 0.078 em the diffusion con-

stant 1s &lmoet indepenCent of thickness. Tt appears likely that tuis
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TABIE 9
DIFFUSION COFFFICIENTS MEASURED FOR VARIOUS THICKNTSSES

to(sec)
%.{cm) -1000 nv ~1400 wv T 93-2-

* gec
0.129 33.0 —— 8.4 x 1077
0.129 — 33,7 8.2 x 1077
0.104 20.1 — 8.9 x 107
0.104 — 23..0 8.6 x 107
0.079 16.0 - 6.5 x 1077
0,079 “—e- 12.4 8.4 x 107
0.059 8.7 ——— 6.6 x 1077
0.059 - 7.0 8.3 ¥ 107
0.026 3.2 S 3.5 x 1072
G.026 —-- 2.6 4.3 x 1077
0.01G 1 ———— 2 x107
0.510 —_—- 1 2 x107

Average D teken from Figure 45 is: 8.3 x 10™7

effact is due to the surface exerting a controlling influence on the
diffusion. 7In our experiments in e<id solutions we observel a black
£ilm of Finely divided iron depositing on the cathode if the solution
w23 no% &deguately pre-electrolyzed and if the corrosive solutions were
&lliowed Lo he in contact with the electrede without a cathodic protec-

clon cu-rent. whenever such a film wes formed the permeation current
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d=opped to sbout 3. amp. Thus only membranes c¢f sufficient thickness
wbick bave an overall permestion rate much less then 3JL amp will be
unaffected by this film. All thinner membranes will show a coanstant
rermeation of 3/L cn vhatever the thickness becalse the £ilm contrels tas
overall rate of permeation. With careful purification and pre-electrolysis
complicaticna due to surface contirol by this £ilm can be avoided end
reliable permeation transients can be recorded. As shown 2arlier, the
plot of the resiprocal of the permeation rate againat the thickness
should De & straighl line. In Figure 46 (Devanathen, 1961, 1962) we show
such a plot for filu free iron. The correspoading plot for membranes
covered by film is alsc shown for compaerison ss dashed lines. It is
seen that since the permeation rate is ccnstant and coutrolled by the
£ilm, its equivalent thickness apparentiy depends on the slope of the
line so that only for a higher thickness can any rational thickness
dependence be cotserved. The above results and those obtained wixh
palladiunm shew that attention mist be paid to removing films which can
control permeation when at tie surface {Devensthan and Stachurski, {n
prees). It slso appears that complex tneories deveioped for explaining
apparent anomaliege in perumeation must be reviged.

It has been showa earlier that the raie of permeation cf
hydrogen under “hese experimental conditioms should £ollovw tne equation

/Cevansthan, 1961, 1962)

s L
1 ’s)
T esT t 53 (117)
Do k te] k

vhere P is the permeation rate through a mepbrsne of thickness 1 and
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diffusion constsnvt D. K and Lk are the rate counstant £9¢ the

transfer ¢f hydroger asross the metzl solution boundsary. Under poten-
tiostatic control the coverage of the cathode with nydrogen atoms ¢ will

be coustant. Hence at comnstant 7, equation (117) predicis a linear plot

8 ~»b
for 1/P ve. L. The gradient 5—-;—2———- and the intercept ——-53_5—; ars
£ D@ Q k

both &ependent on the reciprocal Of 6. Since in general ¢ is lsrger the
higher the K value, for high overpotentials, both the gradient and the
intercept shculd te smal.c..

Such plots for iren in 0.1 N sulphuris acid solutions and in an
acetate buffer of pH 3.6 are given in figures 46 ené 4&7. It is evident
that the predictions of equetion (117) are borre out and t'wms proof of the
validity of the assumptions used in its derivation. One of these is

5 ~>b b=ys
that the rste constents k and k be large compared to the difrusion
s=*b b
constant. From theze plots it is possible to evaiuvate k since 8 k
is known from the intercept and D is &lso known independently. The

b‘* 8 -2 2 _.l
crder of magnitude of k has teen found to be 10 ~ ¢m sec , which is
s-»Db
larger than the value of D. It will not be possible to evaluate k

until the value of 6 ig obtained by independent methods.

3b. MECHANISM OF TdE HYDROGEN EVOLUTION REACTION ON IRON

Tre folloving stazec are possible for the hydrogen evalution
reaction on irou.
Fe + Y + e, — Fek (a)
FeH + Fed — 2Fe + H, (B)

+
FeH + ' + e —y Fe + K, (c)
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The results of the permeation plots are shown in Figures 46 and
47. fhe gradient of the 1/P vs. 1 plot at constant M is according to

(117) given by

By D
k
&€=~ 5 (118)
D kx e
Heuce
4 lcg © d log .
e - gt (219)
{
~ d log .
In order to evaluate 5 it suffices to plot - log g ageinst 71 .

i
Since the gradients of these lines are proportional to the surface
coverage of the membrane with atomie hydrogen 9, the gradient of a plat
d log @
dwz ’

istic values for certain mecuznism seguences.

of log g ageinst '72 yields the rstio This ratio has character-
‘thug if the reaction sequence is rate determining slow discharge
(A), followed by rapid Tafel recombination (B), then in the ateady state
we hsve
- O(?%. F
R 2

i, = % (1 -0)e “ k6 (120)

Since when discharge is rate-determining € is usually small we may

vrite the appreximxte form
5 - g_’f% ¥
e F

Tharefove the expression for § as a function of % from (121)

= kT92 (121)

e (122)

Noting that o is 0.5, since the Tefel px0t has a gredieat of -—2?-,

e av— R - — ey o e ame .
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logrithmic differentiation of (122) yields,

e
e
CQ
d)
éﬂn«

(123)

ol

e
If the reaction seguence is rate-determining discharge (A)
follcwed by fast electmmchemical desorption (C) then for the steady

state we have
= {
i = i1 -®)e = K )8
kD § ) E Ge (12 )

Hepne

ri5e 2
<,

That is @ is potential independent, i.e.

= constant 11251

G log 9
22220 (126}

L

We show in Figure 48 such piots for the various solutions. The

curves consist of two linear sections. The f£irst has a gradient of
< -1 ¥ 1 ,

about 0.36 (volt ~) compared to 53 x IET which is 0.%2, the second has
zero gradient. Hence in the sbove solutions the mechsanism of the
hydrogen evolution reaction must be siow discharge slways; fclloved by
‘fafel recombiration at low overpotentials, and elecfrochemical desorp-

tion at aigh overpotentials.

(A) Pseudo Capacity

With iron in acid solutions, the view that electrochemicsal
desorption might be rete-determining has also been suggested. Should

this be the case then the preceding step (A) must be in equilibrium
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&5

unless A is irreversibvle. Tr thie ¢ase as shown by Bockris and iKisis
(1961) a pseudo capacity should be observed. A typicai transient used
in evaluating the double lay.ir capacity is shown in Figure 49. The
capacity in the early stages when the favadelc curreat is negligible is
found to be about - hoju,? {See Figure 50). Ihése values are much £00
close to the double layer vabies, and it is ressonabie to conclude She
absence of pseudo capacity. This rezult also confir.s the mechanizms

suggested all of which invoive dischargc 29 ihe yate-Cetermining step.
35. CONCIUSIONS

From the gbove it iz clear that the mechanism ¢f the hylirogen
evolution reaction is rate-determining discharge folicwed by Tafes
rezombiurcion at low overpotential, and electrochemical desorption ad
high overrotentials () 600 mv). These conclusions are also in hearzony
with the findings of Frumkin (1957), who used a caslitative method ~¢
establishing the mechanism, by observing the increase or decrease of
overpotential at constant current when sdditional amounts of hydrogen

are introduced by perzeation.
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